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PREFACE 


Thb   literature  of    wireless  telegraphy  has  already  become  fairly 
extensive.     Not  a  few  books  in  different  languages  have  abeady 
been  published  dealing,  more  or  less  completely,  with  the  history 
and  the  details  of  the  various  attempts  made  to  e£fect  telegraphy 
through  space  without  interconnecting  wires.     The  evolution  of  that 
form  of  wireless  telegraphy  conducted  by  means  of  electromagnetic 
r&diation  has,  however,  thrown  into  the  background  other  and  older 
methods.     The  strongest  independent  evidence  exists  to  show  that 
the   originator  and  first  practical  exhibitor  of  this  new  method  of 
telegraphy  was  Guglielmo  Marconi,  whilst  his  subsequent  admirable 
inventions  and  improvements,  set  in  operation  in  conjunction  with 
the  organization  of  Marconi's  Wireless  Telegraph   Company,  have 
maintained  him  in  the  foremost  position  with  respect  to  its  practical 
achievements.     Not  only  has  the  subject  wonderfully  excited  popular 
attention,   but  it  possesses  an  extraordinary   scientific   interest   in 
consequence  of  the  electrical  phenomena  involved.     Hence  the  term 
wireless  telegraphy,  at  the  present  time  both  in  the  popular  mind  and 
in  pr^tice,  has  come  to  signify,  almost  exclusively,  wireless  telegraphy 
conducted  by  Marconi's  methods  employing  electromagnetic  or  so- 
called  electric  or  Hertzian  waves.     Accordingly,  many  special  treatises 
have  appeared  in  the  last  few  years  in  England,  the  United  States, 
Grermany,  Erance,  and  other  countries,  giving  an  exposition  of  the 
principles  and  practice  of  electric  wave  wireless  telegraphy.     Some  of 
these  are  of  a  popular  or  semi-popular  character,  and  others  appeal 
more  to  technical  readers.     The  practical  telegraphist,  particularly 
concerned  with  wireless  telegraphy,  is,  however,  not  so  much  in- 
terested in  general  descriptions  of  inventions  and  systems,  of  which 
some  may  be  antiquated  and  others  not  developed  to  the  point  of 
practical  utility,   as  he  is  in  a  careful  analysis  of  the  scientific 
phenomena   presented,  and  especially  in    detailed   descriptions  of 
the  appliances  and  methods  which  are  involved  in  placing  the  process 
upon  a  metrical  basis. 

During  the  last  few  years  the  Author  has  been  honoured  on 
several  occasions  with  the  request  to  deliver  Courses  of  Cantor 
Lectures  at  the  Society  of  Arts,  London,  in  connection  with  this 
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subject,  and  the  present  treatise  is  based  to  a  large  extent  upon  the 
subject-matter  of  the  lectures  so  delivered,  bearing  the  titles, 
"  Electric  Oscillations  and  Electric  Waves  "  (1900),  "  Hertzian  Wave 
Telegraphy  "  (1903), "  The  Measurement  of  High  Frequency  Currents 
and  Electric  Waves  "  (1905). 

The  Course  on  Hertzian  Wave  Telegraphy  given  in  1903  attracted 
some  attention,  owing  to  the  great  public  interest  excited  in  the  subject 
at  that  time.  The  full  abstract  of  these  1903  lectures,  published  by 
the  Society  of  Arts,  was  reprinted,  by  permission,  in  the  Popular  Science 
Monthly  Magazine  in  the  United  States,  as  well  as  translated  into  Grerman 
by  Dr.  E.  Aschkinass,  of  Berlin,  and  into  Japanese  by  Professor 
M.  Sato,  of  the  Kyoto  University,  Japan.  The  Author  was,  however, 
urged  by  several  friends,  foremost  amongst  whom  he  desires  to  men- 
tion Professor  A.  W.  Eeinold,  F.R.S.,  to  put  the  entire  series  into 
a  more  permanently  accessible  form,  and  the  present  treatise  is  the 
result.  In  so  doing,  the  aim  of  the  Author  has  not  been  to  give  the 
most  complete  description  of  every  appliance  known  or  patented  in 
connection  with  electric  wave  telegraphy,  but  to  deal  chiefly  with  the 
scientific  principles  underlying  the  art,  the  theory  of  the  operation  of 
the  appliances  employed,  and  especially  with  the  quantitative  aspect 
of  the  subject,  and  the  methods  of  measurement  which  are  employed 
in  a  metrical  estimation  of  the  quantities  and  effects  concerned. 

An  enormous  amount  of  research  has  been  carried  out  in  the  last 
ten  years  on  the  subject  of  Hertzian  Waves  in  their  application  to 
telegraphy,  and  the  specifications  filed  in  the  Patent  Offices  in  various 
countries  bear  record  to  the  amount  of  ingenuity  and  thought  that  has 
been  spent  in  the  endeavour  to  utilize  electric  wave  phenomena  for  this 
purpose. 

Some  attempt  has  been  made  in  this  book  to  gather  together 
a  portion  of  this  information,  as  far  as  it  concerns  the  above 
technical  application,  and  with  the  object  of  assisting  the  reader 
references  have  been  given,  as  far  as  possible,  to  the  original  sources 
of  information. 

A  list  of  the  chief  patents  granted  in  Great  Britain  for  improve- 
ments in  wireless  telegraphy  has  been  added,  which  wiU  probably 
prove  of  utility  to  the  English  reader. 

Invention  is  progressing  so  rapidly  in  connection  with  the  subject, 
and  the  amount  of  work  that  has  been  done  is  so  large,  that  any 
attempt  to  present  an  account  of  the  subject  must  necessarily  be 
imperfect  in  some  respects. 

The  quantitative  aspect  of  the  subject  is,  however,  of  special 
importance  at  the  present  time.  There  comes  a  stage  in  the  develop- 
ment of  all  technical  applications  of  scientific  discoveries  when  exact 
measurement  is  the  very  life  and  soul  of  further  achievements,  and 
when  empirical  methods  and  personal  skill  have  to  be  replaced  by 
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careful  predetermination  and  precise  measurement.  Hence,  con- 
siderable space  has  been  occupied  in  the  present  treatise  with  the 
theoretical  treatment  of  that  part  of  the  subject  which  is  necessary  for 
a  full  quantitative  knowledge  of  it,  and  also  for  using  and  devising  the 
instrumental  appliances  requisite  in  metrical  work. 

Electric  Wave  Telegraphy  was  for  some  time  regarded  as  the 
Cinderella  of  Telegraphy  by  her  two  older  sisters,  land  and  submarine 
telegraphy.  Events,  however,  have  long  since  justified  the  opinions 
formed  by  many  persons  who  witnessed  the  early  work  of  Chevalier 
G.  Marconi  (amongst  whom  the  Author  may  include  himself)  that  his 
form  of  wireless  telegraphy  was  destined  to  be  of  the  very  greatest 
utility.  Its  important  application  in  naval  operations  and  in  connec- 
tion with  ordinary  maritime  communication  have  given  it  a  unique 
position,  and  it  can  hardly  be  doubted  that  even  its  present  achieve- 
ments will  be  thrown  into  the  shade  by  future  advances. 

There  is,  however,  great  difficulty  in  appraising  the  value  of  new 
schemes  of  appliances  which  are  from  time  to  time  brought  forward, 
and  the  perusal  of  patent  specifications  or  descriptions  of  apparatus 
in  the  technical  journals  seldom  affords  the  means  of  forming  a  correct 
estimate  of  the  real  value  in  practice  of  the  processes  or  appliances 
described. 

Nevertheless,  the  fundamental  principles  of  the  subject  are  fairly 
well  fixed,  and  it  is  hoped  that  the  present  work,  deficient  though 
it  is  in  many  respects,  will  be  found  of  assistance  as  a  text-book 
to  those  who  are  engaged  in  practically  developing  Electric  Wave 
Telegraphy,  by  presenting  in  a  compact  form  useful  information,  data, 
and  formuliB,  which  are  essential  in  connection  with  its  further 
practical  and  scientific  development. 

The  writer  cannot  forbear  to  mention  his  obligations  to  the 
writings  of  Lord  Kelvin,  Lord  Eayleigh,  Professors  J.  J.  Thomson, 
J.  Larmor,  J.  H.  Poynting,  and  others  in  connection  with  parts 
of  the  book.  In  addition  to  the  epoch-making  papers  of  Hertz, 
the  works  of  many  Continental  writers,  such  as  Drs.  Drude,  Wien, 
Zenneck,  Bjerknes,  Slaby,  Braun,  and  Seibt,  have  been  sources 
of  valuable  information,  and  where  limitation  of  space  has  compelled 
brevity,  reference  has  been  made  to  the  original  scientific  memoirs 
or  books. 

The  Author  desires  also  to  place  on  record  his  obligations  to  the 
following  Societies,  Authors,  Firms,  Publishers,  and  Proprietors  of 
Journals  who  have  kindly  permitted  blocks  and  diagrams  belonging  to 
them  to  be  reproduced : — 

To  The  Boyal  Society,  as  well  as  to  Professor  Karl  Pearson,  F.R.S., 
and  Miss  Alice  Lee,  B.Sc,  for  permission  to  use  the  diagrams  in 
Plates  IL,  III,,  rV.,  and  V.,  and  also  to  Professor  A.  E.  H.  Love, 
P.B.S.,  for  the  diagrams  in  Plate  V.  at  the  end  of  Chapter  V. ;  also 
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to  Dr.  E.  Hack  for  the  diagrams  in  Plate  YI.,  taken  from  his 
paper  in  the  AnruUen  der  Physik,  To  Captain  H.  B.  Jackson, 
F.E.S.,  B.N.,  for  the  use  of  diagrams  and  copious  extracts  from 
his  paper  in  the  Proceedings  of  the  Eoyal  Society,  abstracted  in 
Chapter  IX.  To  The  Physical  Society  and  Mr.  W.  Duddell  for 
a  similar  courtesy.  To  the  Journal  ds  Physu^is  and  Dr.  Hem- 
salech  for  the  blocks  of  Mgs.  19,  20,  and  21  of  Chapter  I.  To  The 
Society  of  Arts  for  permitting  the  use  of  numerous  diagrams  taken 
from  reprints  of  the  Author's  Cantor  Lectures,  and  to  The  Institution 
of  Electrical  Engineers  for  the  same  kindness.  Also  to  the  pro- 
prietors and  publishers  of  The  Elediician,  The  Philosophical  Magazine^ 
The  Electrical  Review,  Engiiieering,  The  Electrical  Magazine,  Technics,  and 
The  Electrical  World  of  New  York,  for  permission  to  use  many  illustra- 
tions which  have  appeared  in  their  books  or  journals,  and  are  duly 
acknowledged  in  their  proper  places.  To  Chevalier  G.  Marconi  and 
Marconi's  Wireless  Telegraph  Company,  Mr.  Anders  Bull,  Dr.  J. 
Zenneck,  and  to  Messrs.  Enke,  of  Stuttgart,  to  Professor  G.  W. 
Pierce,  and  the  Editors  of  the  Physical  Renew,  for  likewise  per- 
mitting the  reproduction  of  views  or  diagrams  which  have  ap- 
peared in  papers  or  books  by  them  respectively.  Various  firms 
have  obUged  the  Author  by  allowing  the  use  of  illustrations  taken 
from  their  trade  circulars,  e,g,  Messrs.  Isenthal  &  Co.,  the  diagrams 
of  the  Grisson  Electrolytic  Interrupter ;  Messrs.  K.  Schall,  the  use  of 
blocks  of  Figs.  23,  25,  28,  33,  36,  39,  40,41,  42,  and  47  in  Chapter  I. ; 
the  Cambridge  Scientific  Instrument  Company,  the  block  of  the 
Duddell  Thermoammeter  in  Chapter  VI. ;  and  Messrs.  Hartmann, 
Braun  k  Co.,  and  Mr.  Leslie  Miller,  identical  favours.  To  these 
and  others  who  have  assisted  in  rendering  it  possible  to  illustrate  the 
descriptions  in  the  text  fully  the  Author  desires  to  return  his  thanks, 
as  well  as  to  those  who  have  assisted  him  in  reading  the  proofs. 

J.   A.   F. 


Thb  Fendeb  Electsical  Labobatoby, 
Univebsity  College,  London, 
A]^,  1906. 
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THE   PRINCIPLES   OF 

ELECTRIC  WAVE  TELEGRAPHY 

PART   I.— ELECTRIC   OSCILLATIONS 

CHAPTER  I 

THE  PRODUCTION  OF  HIGH  FREQUENCY  CURRENTS  AND 
ELECTRIC  OSCILLATIONS 

1.  Definitions. — ^An  alternating  electrio  current  is  defined  to  be  one 
whioh  periodically  changes  direction  in  its  circuit.  For  a  certain  time 
it  flows  in  one  direction  in  some  conductor  with  varying  strength, 
and  then  reverses  and  flows  for  an  equal  time  in  the  opposite 
direction.  The  time  in  tractions  of  a  second  which  elapses  between 
the  commencement  of  the  current  in  one  direction  and  beginning 
again  in  the  same  direction  is  called  a  complete  period  or  cycle,  and 
unll  be  denoted  in  this  treatise  by  the  letter  T,  The  number  of 
complete  periods  per  second  is  called  the  frequency  of  the  current  and 

is  denoted  by  n.    The  quantity  2irn  or  -^  is  of  the  nature  of  an 

angular  velocity  and  will  be  represented  by  the  letter  p.  It  is  also 
the  number  of  periods  in  2ir  seconds. 

We  have  furthermore  to  distinguish  between  the  instarHanemui 
value  of  the  current,  or  its  value  at  any  instant,  and  the  maximum 
valve.  The  former  will  be  denoted  by  a  small  lettisr  such  as  i,  whilst 
the  maximum  value  of  the  same  quantity  during  the  period  will  be 
represented  by  a  large  letter  /  of  the  same  type. 

A  high  frequency  aUemating  electric  current  is  defined  to  be  an  alter- 
nating current  of  which  the  frequency  is  reckoned  in  thousands.  There 
is  no  absolute  demarkation  between  high  and  low  frequency.  The 
terms  are  of  course  relative.  If,  however,  the  frequency  is  such 
that  the  number  of  periods  per  second  is,  say,  1000  or  upwards,  then 
it  would  generally  be  called  a  high  frequency  cmrent,  whereas  if  the 
frequency  was  such  as  to  be  reckoned  in  hundreds,  or  less  than  a 
hundred,  it  would  in  general  be  called  a  low  frequency  current. 

An  eleehic  oscillation  is  sometimes  defined  to  be  an  alternating 
electric  current  of  extremely  high  frequency  reckoned,  say,  in 
hundreds  of  thousands  or  millions  per  second,  but  the  term  is  most 
usually  employed  to  denote  a  high  hrequency  current,  the  maximum 
value  of  which  continually  diminishes.  It  thus  generally  connotes  a 
finite  number  of  electric  alternations,  each  of  which  is  more  feeble 
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than  the  preceding  one,  so  that  taken  together  they  constitute  a  train 
or  group  of  decadent  alternating  electric  currents. 

When  we  wish  to  imply  that  the  alternations  are  very  rapid  but 
do  not  decay  in  amphtude,  we  may  call  them  persistent  oscilMions  or 
sustained  oscillations,  whilst  those  consisting  of  a  limited  number  of 
continually  decreasing  alternating  currents  are  called  a  train  of  decadent 
oscilkUio'ns.  Two  other  terms  are  in  continual  use,  a  train  of  decadent 
oscillations  is  also  called  a  damped  train  of  oscillations.  If  the  decay 
is  very  rapid,  it  is  called  a  strongly  damped  oscillation  train,  and  if  the 
rate  of  decay  is  small,  it  is  said  to  he  feebly  damped, 

2.  Oraphio  and  Analytical  Representation  of  High  Frequency 
Currents  and  Eleotric  Oscillations. — We  may  graphically  represent 
a  high  frequency  electric  current  in  the  usual  manner  by  a  repeated 
sinoidal  curve,  since  in  nearly  all  the  cases  likely  to  occm*  in  practice 
the  variation  of  current  from  moment  to  moment  during  the  complete 
period  is  a  simple  sine  function  of  the  time.  Hence  we  may  proceed 
as  follows :  Let  a  horizontal  hne  AX  (see  Fig.  1)  be  taken  as  a  time 
axis  and  equidistant  points,  N,  L„  Lj,  X,  etc.,  set  off  so  that  distances 
such  as  NLg  or  LjX  represent  one  complete  period  denoted  by  T, 


c  Q 

Fia.  1. — ^Delineation  of  a  Simple  Periodic  or  Sine  Curve. 

Then  with  some  point  0  in  this  line  AX  as  centre  describe  a 
circle  ABN.  Let  the  radius  OR  of  this  circle  be  taken  to  represent, 
to  some  suitable  scale,  the  maximum  value  of  the  current  during  the 
period.  Imagine  the  radius  OR  to  revolve  in  a  counter-clockwise 
direction  with  a  uniform  angular  velocity.  Let  a  horizontal  (dotted) 
line,  RP,  be  drawn  at  every  instant  through  the  extremity  of  the 
radius  OR.  Let  another  point,  M,  be  supposed  to  move  uniformly 
along  OX  and  through  it  a  vertical  (dotted)  ordinate,  MP,  be  drawn. 
Let  the  point  M  move  uniformly  through  a  distance  NLj  in  the  time 
taken  by  the  radius  OR  to  revolve  once  with  uniform  angiilar  velocity. 
Assume  that  OR  starts  from  the  position  ON  and  that  the  point  M 
also  starts  from  N.  Then  the  locus  of  the  point  of  intersection  P  of 
the  vertical  ordinate  MP  with  the  horizontal  line  RP  will  trace  out  a 
sinoidal  curve,  NQL^Qj.  The  length  of  the  ordinate  MP  will  always 
be  equal  to  the  radius  of  the  circle  OR  multipUed  by  the  sine  of  the 
pJujLse  angh  RON  =  $,  Let  the  radius  of  the  circle  be  denoted  by  / 
taken  to  represent  the  maximum  value  of  the  current  during  its 
period.  Let  the  radius  OR  revolve  through  the  angle  RON  =  ^  in 
the  time  t  with  angular  velocity  p.  Hence  $  =  pt,  and  if  we  denote 
MP  by  i  then  i  is  the  instantaneous  value  of  the  current,  and  we 
have — 

i  =  I  ^inpt (1) 
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The  above  expression  (1)  is  therefore  the  equation  of  the  wavy  curve, 
called  a  sine  curve,  and  is  also  the  analytical  expression  for  an 
alternating  current  or  sustained  or  non-damped  electric  oscillation. 

We  can  in  the  same  manner  describe  a  line  representing 
graphically  the  nature  of  a  damped  electric  oscillation  if  -we  employ 
a  lagarithmk  spiral  instead  of  a  circle  in  a  construction  similar  to  that 
in  Kg.  1. 

A  logarithmic  spiral  is  the  curve  described  by  the  extremity  of  a 
radius  vector,  the  length  of  which  varies  so  that  the  logarithm  of  its 
length  bears  a  constant  ratio  to  the  phase  angle  the  radius  vector 
makes  with  some  fixed  straight  hne.  Thus  in  Fig.  2  the  spiral  curve 
is  described  by  the  extremity  E  of  a  radius  OE  ( =  r)  which  revolves 
imiformly  round  O,  the  length  OE  varying  so  that  the  ratio  of  log  r 
to  the  angle  EON  ( =  ^  )  is  constant.  Hence  the  polar  equation  of 
the  left-handed  logarithmic  spiral  as  drawn  is  r  =  a^^,  where  a  is 
some  constant. 

The  exponent  has  a  negative  sign,  because  r  diminishes  as  B 
increases  in  the  case  of  the  spiral  as  delineated.     Suppose,  then,  that 


FiQ.  2. — ^Delineation  of  a  Damped  Periodic  Curve. 

we  draw  a  time  axis,  OX,  and  assume  a  point,  M,  to  move  uniformly 
along  it.  Also  let  the  radius  vector  OE  move  counter-clockwise  with 
a  unitorm  angular  velocity.  Let  a  perpendicular  MP  drawn  through 
M  move  with  it,  and  through  E  draw  a  horizontal  line,  EP.  The 
locus  of  the  point  of  intersection  P,  of  the  lines  EP  and  MP  as  the 
points  E  and  M  move  in  their  respective  modes,  will  describe  a 
decrescent  wavy  line.  The  equation  of  this  Une  is  found  as  follows : — 
Since  the  angle  EON  =  0,  the  ordinate  MP  =  r  sin  6,  Also  r  =  a"^. 
Hence  if  we  vmte  i  for  MP  we  have — 


i  =  a"^  sin  0 

But  p  is  the  angular  velocity  of  OE.  Accordingly  OE  moves 
through  the  angle  EON  in  a  time  /,  and  we  can  write  pt  for  6.  Also 
it  is  convenient  to  substitute  7c~*^  or  /c~*P*  for  a~^  where  c  is  the 
base  of  the  Napierian  logarithms  and  7,  a,  or  k  are  certain  constants. 

We  then  obtain  the  equation  of  the  wavy  line  NQQ^Q,  in  the 
form — 


i  =  /€""*  sin  ;?< 


(2) 


and  this  is  also  the  mathematical  expression  for  a  damped  electrical 
oscillation. 
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If  /i  denotes  the  maximum  value  EQ  of  the  first  oscillation,  I^  that 

of  the  second  E^Qi  in  the  opposite  direction,  and  so  on ;  then  it  is  easy 

T 
to  see  that  i  has  the  value  /,,  when  /  =  -j,  and  the  value  7a  when 

4 

/  =  — -,  and  so  forth.     Hence  it  follows  by  substitution  in  (2)  that 
merely  as  regards  magnitude, 


The  quantity  ^  or  8  is  called  the  logarithmic  decrement  of  the  oscillations 

pel'  half  period.    The  quantity  c~*  where  c  is  the  base  of  Nap.  logs,  is 
called  the  damping  per  half  period. 
Hence  we  have — 

a  =  2n8  =  2nlog,|^ (3) 

We  can  therefore  write  the  equation  of  a   damped  electrical 
oscillation  in  one  of  three  equivalent  forms,  thus — 


i  =  I,c-«("')sin^^       (^) 

i  =  IiC  ^*  ^^  Bin pt) 


The  ratio  of  one  maximum  oscillation  to  the  next  in  the  opposite 
direction  is  that  of  c^  to  unity. 

Some  writers  define  the  logarithmic  decrement  to  be  the  Napierian 
logarithm  of  the  ratio  of  two  successive  oscillations  in  the  same 
direction  that  is  separated  by  one  whole  period.  In  that  case  the 
symbol  taken  for  it  is  equivalent  to  28  as  used  above. 

3.  Production  of  High  Freqaency  Currents  by  High  Frequency 
Alternators. — Machines  for  the  direct  production  of  sustained  high 
frequency  currents  are  called  high  frequency  aUemators,  Not  very 
many  of  these  have  been  constructed,  and  until  quite  recently  the 
highest  frequency  obtained  by  such  mechanical  appliances  has  not 
exceeded  10,000  periods  per  second. 

As  even  this  frequency  is  not  sufficient  for  the  exhibition  of  many 
of  the  phenomena  discussed  in  this  treatise,  the  construction  of  such 
alternators  has  not  yet  received  very  much  attention.  On  the  other 
hand,  means  have  been  devised,  which  are  described  in  a  subsequent 
section,  for  converting  a  uniform  low  frequency  alternating  current 
into  groups  of  damped  electric  oscillations,  and  this  last  method  has 
up  to  the  present  sufficed  for  most  purposes.  The  direct  production 
of  sustained  high  frequency  currents  by  alternators  possesses,  how- 
ever, considerable  practical  interest.  Designs  for  high  frequency 
alternators  began  to  be  considered  about  1889  or  1890,  when  attention 
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was  being  directed  to  arc  lighting  by  alternating  currents.  It  had 
been  found  that  most  forms  of  alternating  current  arc  lamp  produced 
a  disagreeable  hum  when  actuated  by  an  alternating  current  of  a 
frequency  of  the  order  of  100.  The  notion  therefore  arose  that  if  a 
frequency  could  be  used  higher  than  that  of  the  highest  audible  note, 
the  defect  would  be  annulled.  Prof.  Elihu  Thomson  and  Mr.  Nikola 
Tesla  were  probably  the  first  to  construct  such  alternators,  and  Tesla, 
finding  that  he  had  in  this  machine  a  source  of  electric  current  capable 
of  exhibiting  many  interesting  electrical  effects,  pursued  the  subject 
and  devised  several  forms  of  alternator  capable  of  producing  alternating 
currents  of  a  strength  of  10  amperes  or  so,  having  a  frequency  as  high 
as  12,000  complete  periods  per  second. 

One  form  of  Tesla  high  frequency  alternator  was  constructed,  as 
follows  (see  Fig.  3) :  It  consists  of  a  fixed  ring-shaped  field  magnet 
with  magnetic  poles  projecting  inwards  and  a  rotating  armature  in 
the  form  of  a  fly-wheel.^    This  wheel,  J  (see  Fig.  4),  was  turned  down 


Fig.  3. — Tesla  High  Frequency  A14)emator.     (Side  view.) 

on  the  edge,  forming  a  kind  of  flanged  pulley,  and  this  groove  is 
wound  full  of  annealed  iron  wire  insulated  with  shellac.  Pins,  L,  were 
set  in  the  sides  of  the  ring  J,  and  flat  coils,  M,  of  insulated  wire  wound 
over  the  periphery  of  the  armature  wheel  and  around  the  pins. 
These  coils  were  connected  together  in  series,  and  the  ends  of  the 
series  carried  through  a  hollow  shaft,  H,  to  slip  rings,  P,  P,  from 
which  the  currents  were  taken  off  by  brushes,  O,  O.  The  field 
magnet  consisted  of  a  kind  of  toothed  wheel,  with  the  teeth  turned 
inwards  (see  Figs.  3  and  4),  and  an  insulated  wire  or  strip  was  wound 
zigzag  fashion  between  these  teeth,  so  that  when  a  continuous  current 
was  passed  along  this  conductor,  the  teeth  were  made  alternately 
North  and  South  magnetic  poles.  It  is  quite  possible  thus  to  produce 
a  magnet  having  400  radial  poles  in  the  circumference  and  also  easy 
to  put  400  coils  on  the  armature.  Hence  if  such  a  machine  is  driven 
at  a  speed  of  3000  revolutions  per  minute,  or  50  per  second,  it 
produces  an  alternating  current  having  a  periodicity  of  10,000  ^.     A 

«  See  The  EUctrieal  Engineer  of  New  York,  March  18, 1891,  vol.  xi.  p.  888. 
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machitie  of  this  kind  can  be  constructed  to  give  a  current  of,  say, 
10  amperes.  In  the  machine  above  described,  which  was  capable 
of  giving  an  alternating  electromotive  force  of  about  100  volts,  the 
field  magnet  consisted  of  a  ring  of  wrought  iron  32  inches  outside 


Fig.  4.— Tesla  High  Frequency  Alternator.     {End  view.) 

diameter,  about  1  inch  thick,  the  inside  diameter  was  about  30 
inches.  The  distance  between  the  teeth  was  about  -^  inch  and 
each  field  magnet  tooth  was  about  ~  inch  thick.  On  the  arma- 
ture  384   coils  were  connected   in  two  series.     The  width  of   the 

armature     was     IJ     inch. 

^  M      ^.^^"--^ ~~~^^-^      N^  With  magnetic  teeth  placed 

so  close  it  was  necessary  to 
have  an  extremely  small 
clearance  between  the  arm- 
ature coils  and  the  magnet, 
to  avoid  excessive  leakage 
or  loss  of  useful  magnetic 
flux,  hence,  it  was  impos- 
sible to  use  wire  for  the 
armature  thicker  than  No. 
26,  Brown  and  Sharp  gauge. 
This  size  is  equivalent  to 
No.  28i  British  S.W.G. 
The  armature  wires  must 
be  wound  with  great  care, 
otherwdse  they  are  apt  to 
fly  off  in  consequence  of 
the  great  peripheral  speed. 
It  is  practicable  to  run  such 


Fig.  6.— Tesla  High  Frequency  Alternator, 
Disc  type.     (Side  view.) 


an  armature  at  a  speed  of  3000  revolutions  per  minute,  equivalent  to 
a  peripheral  speed  of  375  feet  per  second. 

In   another  type  of   machine   constructed    by  Tesla,   magnetic 
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leakage  was  avoided  by  making  adjacent  poles  on  the  same  side  of 
the  armature  of  the  same  polarity.  In  this  second  form  the  armature 
consisted  of  a  copper  plate  in  the  form  of  a  disc  with  a  large  hole  in 
it  (see  Kgs.  6  and  6).  The  plate  was  cut  through  by  radial  shts  alter- 
nately at  the  inside  and  outside  edge,  so  as  to  divide  the  plate  up  into 
a  zigzag  stfip.  This  plate  was  clamped  on  a  central  boss  fixed  on  a 
shaft  (see  Mg.  5)  and  caused  to  revolve  between  the  two  parts  of  a 
field  magnet  having  a  large  number  of  inward  projecting  poles,  all 
those  on  one  side  being  of  the  same  polarity  and  facing  an  equal 
number  of  like  poles  on  the  opposite  side,  of  the  opposite  polarity 
(see  Fig.  6).  In  this  manner,  the  disc  was  perforated  by  the  magnetic 
flux  passing  across  from  one  set  of  poles  to  another,  and  the  passage 
of  the  strips  into  which  the  disc  is  cut  up,  into  and  out  of  these 
streams  of  magnetic  flux,  gives  rise  to  the  electromotive  force  in  the 


Fig.  6. — ^Tesla  High  Frequency  Alternator.    Disc  Type.     {Section.) 

armature.  The  armature  winding  therefore  consisted  of  a  single 
disc-shaped  conductor  equivalent  to  a  zigzag  winding,  and  this  was 
driven  at  a  high  speed  so  that  the  radial  elements  of  the  armature  cut 
across  streams  of  magnetic  flux.  A  very  strong  excitation  could 
therefore  be  employed  without  producing  any  wasteful  leakage  flux. 
The  essential  drawback  of  this  construction  is  that  unless  the  slits  in 
the  armature  are  very  close  together,  so  that  the  width  of  the 
radial  bar  or  sUce  is  not  more  than  -^  inch,  there  is  considerable 
heating  of  the  armature,  due  to  eddy  currents  set  up  in  it.  In  one 
machine  of  the  last  type,  constructed  by  Tesla,  the  field  had  480 
polar  projections  on  each  side,  and  from  this  machine  it  was  possible 
to  obtain  a  current  having  a  frequency  of  15,000  complete  periods 
per  second.  When  a  machine  of  this  description,  having  a  disc  of  con- 
siderable diameter,  is  driven  at  a  speed  of  3000  E.P.M.  very  accurate 
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balancing  is  necessary,  or  otherwise  dangerous  vibrations  will  be  set 
up  in  the  machine.  Great  rigidity  and  accuracy  of  work  is  therefore 
necessary  in  all  parts  of  the  machine,  because  the  clearance  between 
armature  and  field  magnets  must  necessarily  be  very  small. 

A  good  plan  for  obtaining  the  necessary  high  relative  speed  between 
armature  and  field  without  exceeding  moderate  limits  of  actual  rotation 
was  adopted  by  Sir  David  Salomons  and  Mr.  Pyke,  who  constructed 
in  1891  a  high  frequency  alternator  on  the  following  lines.'  It  con- 
sists of  two  iron  discs  (see  Fig.  7),  both  having  teeth  like  a  crown 
wheel  and  each  revolving  independently  on  a  shaft  turning  in  its  own 
long  bearing.  The  wheels  are  placed  on  the  ends  of  the  shafts  in 
line  with  each  other  so  that  the  projecting  teeth  are  in  apposition  and 


Fig.  7.— Salomons  and  Pyke  High  Frequency  Alternator. 


can  be  brought  almost  into  touch  with  each  other  by  shifting  the 
bearings  upon  the  bed  plate,  in  grooves  made  for  the  purpose  of  facili- 
tating this  adjustment.  The  discs  are  each  12  inches  in  diameter,  and 
one  of  these  discs  is  so  wound  as  to  constitute  both  the  armature  of 
an  alternator  and  the  armature  of  a  continuous  current  motor.  With 
this  object,  the  greater  part  of  the  centre  of  the  disc  is  filled  up  vnth 
a  Gramme-wound  flat  ring  armature  and  the  usual  commutator,  whilst 
the  edge  of  the  disc  consists  of  a  large  number  (about  360)  of  small 
iron  teeth,  round  which  a  fine  insulated  wire  is  coiled.  These  teeth 
project  outwards  perpendicularly  to  the  surface  of  the  disc,  and  by 

*  See  Jotimal  of  the  Institution  of  Electrical  Engineers^  London,  1892,  vol. 
xxi.  p.  709. 
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means  of  insulated  slip  rings  the  alternating  current  can  be  drawn  off 
from  this  alternator  armature.  The  other  disc  or  wheel  constitutes 
the  field  magnet  both  of  the  alternator  and  the  motor.  It  has  a  trans- 
verse bar,  round  which  insulated  wire  is  wound  forming  an  electro- 
magnet, which  provides  the  field  for  the  Gramme  armature,  and  the 
current  also  passes  in  shunt  through  a  wire  wound  zigzag  fashion 
between  projecting  teeth  on  this  magnet  disc,  similar  to  the  winding 
on  the  armature  disc.  A  continuous  current  is  supplied  to  this  field 
magnet  by  means  of  a  pair  of  slip  rings  and  brushes,  and  there  is  also 
a  brush  holder  carrying  a  pair  of  brushes  fixed  to  the  disc  which  press 
against  the  commutator  of  the  Gramme  armature  fixed  in  the  other 
disc.  When  a  continuous  current  is  supplied  to  the  machine  at  a 
pressure  <^  100  volts,  it  commences  to  rotate,  the  two  discs  running 
in  opposite  directions,  the  continuous  current  field  magnets  being 
pushed  backwards  as  it  drives  the  Gramme  armature  forwards.  In 
this  manner,  a  differential  velocity  can  be  given  to  the  discs  equivalent 
to  a  speed  of  3000  B.P.M.  in  its  effect  on  the  alternating  armature. 
Since  there  are  ten  teeth  to  the  inch  in  the  peripheries  of  the  discs 
and  360  poles  in  the  whole  of  the  circumference,  it  follows  that  with 
an  absolute  speed  of  each  disc  of  1500  E.P.M.  an  alternating  current 
will  be  produced  in  the  wire  wound  in  the  teeth  of  the  armature  disc 
which  will  have  a  frequency  equal  to  180  times  50,  viz.  9000  periods 
per  second. 

A  description  has  been  given  by  Mr.  B.  G.  Lamme  of  a  small 
alternator  of  2  K.W.  capacity,  having  a  frequency  of  10,000.  This 
alternator  was  built  by  the  Westinghouse  Company  for  Leblanc,  who 
required  it  for  experiments  in  connection  vnth  telephonic  research. 
The  alternator  is  of  the  inductor  type,  with  200  polar  projections.  The 
armature  was  of  sheet  steel  only  3  mils  (  =  0*003  inph)  in  thickness. 
The  rotor  consisted  of  a  forged  steel  disc  25  cms.  in  diameter. 
Driven  at  a  speed  of  3000  E.P.M.,  the  frequency  was  10,000  complete 
periods  per  second. 

Since  steam  turbines,  such  as  the  De  Laval  turbine,  are  now  built 
which  run  at  a  speed  of  10,000  E.P.M.,  this  motor,  when  it  can  be 
employed,  offers  an  easy  means  of  obtaining  very  high  frequency 
currents  from  a  simple  form  of  armature,  revolving  between  a 
constantly  excited  field. 

Generally  speaking,  it  is  not  easy  to  obtain  by  any  of  the  devices 
above  described  a  frequency  higher  than  10,000  periods  per  second. 
Very  excellent  mechanical  workmanship  and  perfect  balance  is  neces- 
sary to  be  able  to  run  any  form  of  disc  armature,  having  a  diameter 
of  30  cms.  or  so,  at  a  speed  of  50  revolutions  per  second.  Such  an 
armature  must  carry  400  coils  to  be  enabled  to  give  even  this 
frequency. 

In  consequence  of  the  difficulty  of  balancing  a  wound  armature, 
the  inductor  form  of  alternator  is  generally  adopted  for  high  frequency 
machines.  In  this  case  the  revolving  part  is  merely  an  iron  disc 
having  teeth  or  notches  cut  on  its  edge.  If  two  chisel-shaped  mag- 
netic poles  are  placed  on  either  side  of  such  a  disc,  and  if  these  poles 
carry  armature  coils  wound  on  them,  then  as  the  notched  iron  disc 
rotates  it  varies  the  magnetic  reluctance  of  the  magnetic  circuit,  and 
hence  the  flux  passing  through  the  armature  coils.    In  this  manner  an 
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electromotive  force  is  created  in  them  which  has  a  frequency  deter- 
mined by  the  speed  of  the  iron  disc  and  the  number  of  its  teeth. 


Fig.  8. — Duddell's  High  Frequency  Alternator.     (Plan.) 
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Fig.  9.— Duddell's  High  Frequency  Alternator.     (Elevation.) 


Mr.  W.  Duddell  has  described  the  construction  of  a  high  frequency 
alternator  of  the  inductor  type.^     It  consists  of  a  laminated  soft  iron 

»  W.  Duddell,  "A  High  Frequency  Alternator,"  Proceedings  of  the  Physical 
Society  of  London,  April,  1906,  vol.  xix.  part  v.  p.  431. 
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ring  having  two  inwardly  projecting  poles  (see  Figs.  8  and  9).  This 
ring  is  wound  with  an  exciting  circuit,  so  that  a  direct  current  flowing 
in  this  circuit  tends  to  make  one  of  these  poles  North  and  the  other 
South.  In  addition,  another  or  armature  circuit  is  laid  upon  the  ring. 
Between  the  pole  pieces  a  laminated  soft  iron  disc  revolves  which  has 
V-shaped  notches  cut  on  its  periphery. 

The  exciting  circuit  on  the  ring  had  inductance  coils  inserted  in 
it,  so  as  to  prevent  high  frequency  currents  being  generated  in  it. 
The  iron  inductor  disc  was  revolved  by  a  cotton  belt  passing  round  a 
pulley  on  the  inductor  shaft  and  round  two  large  metal  disc  pulleys 
which  in  turn  were  driven  by  an  electric  motor  (see  Fig.  10).     In 


Fig.  10. — Duddell's  High  Frequency  Alternator.     (Perspective  view.) 

this  manner  the  inductor  disc  was  driven  at  30,000  or  40,000  K.P.M. 
Alternating  currents  could  be  obtained  from  the  armature  circuit 
having  a  frequency  up  to  18,000  per  second.  The  machine  gave 
a  current  (R.M.S.)  of  1  ampere  and  an  electromotive  force  of  40  volts. 
Subsequently  inductors  with  50  or  60  teeth  were  used  and  di'iven  at 
speeds  up  to  600  revolutions  per  second.  This  furnished  an  alternat- 
ing current  having  a  frequency  of  50,000. 

Finally  an  inductor  disc  was  made  with  204  teeth,  merely  a  sort 
of  laminated  iron  disc  with  a  milled  edge.  Coils  of  wire  were  wound 
on  the  iron  pole  tips  as  armature  coils,  and  with  this  arrangement  it 
was  finally  found  possible  to  create  an  alternating  current  having  a 
frequency  of  120,000  when  the  disc  was  driven  at  a  speed  of  600 
revolutions  per  second.  On  the  other  hand,  the  output  of  the  machine 
was  then  very  small,  being  only  0*1  ampere  at  2  volts.    The  alternator 


12 


THE  PRODUCTION  OF  HIGH  FREQUENCY  CURRENTS 


o 


•J 

06 


O 

►3 


H 

n 
Eh 


AND   ELECTRIC   OSCILLATIONS 


13 


^     ^  S  -^ 


H»qE^co 


'I 


I   - 


14     THE  PRODUCTION  OF  HIGH  FREQUENCY  CURRENTS 

gave  3-6  volts  on  open  circuit.  This  machine  was  constructed  for 
experiments  on  the  electric  arc,  and  not  primarily  for  the  purpose  of 
electric  oscillation  work. 

The  great  defects  of  all  extra  high  frequency  alternators  so  far 
made  are  their  small  output,  and  the  extremely  high  speeds  at  which 
they  have  to  be  run.  High  speeds  may  be  practicable  with  very  small 
alternators,  but  would  be  dangerous  if  the  revolving  parts  were  at  all 
heavy.  On  the  whole,  the  prospect  of  being  able  to  generate  by 
purely  mechanical  means  high  frequency  currents  of  frequency 
100,000  and  upwards  with  large  power  output  is  not  very  great. 

The  Table  given  on  pp.  12  and  13,  taken  by  kind  permission  from 
the  paper  by  Mr.  Duddell  on  a  High  Frequency  Alternator  (lor.  cU.\ 
gives  a  Ust  of  most  of  the  high  frequency  machines  so  far  known  to 
have  been  made. 

Professor  Elihu  Thomson  has  also  furnished  the  author  with  some 
references,  given  below,  to  papers  and  publications  pn'-ijis  work  in 
connection  with  high  frequency  alternating  current  machines  and 
their  effects : — 

"Notea  on  Alternating  Currents  of  Very  High  Frequency."  Electrical  World 
(U.S.A.),  March  4, 1891. 

"  Physiological  Effects  of  Alternating  Currents  of  High  Frequency."  Electrical 
World,  March  4, 1891 ;  or  London  Electrical  Beview,  March  21, 1891 ;  or  London 
Electrician,  August  19, 1891. 

"  Notes  on  Alternating  Currents  of  Varying  Frequency."  London  Electrician, 
March  20, 1891. 

"Phenomena  of  Alternating  Currents  of  Very  High  Frequency."  Electrical 
World,  April  4,  1891,  and  of  April  26,  1891. 

"  Induction  hy  High  Frequency  Discharges."  Electrical  World,  Fehruary  20, 
1892 ;  Electrician,  March  4, 1892. 

"  Further  Experiments  with  Condenser,  Spark  and  Air  Jet."  Electrical  World, 
Fehruary  27,  1892  ;  Lcmdon  Ekctricdk  Review,  March  26,  1892. 

"  Dynamic  Induction  at  High  Potential  and  Frequencies."  Electrical  World, 
April  2, 1892  ;  London  Electrical  Review,  April  16, 1892. 

♦'  High  Frequency  Discharges."    Electrical  World,  February  4,  1898. 

"  Notes  on  the  Effects  of  High  Frequency  Currents  passed  through  the  Body." 
Electrical  Engineer  (U.S.),  October  10, 1894. 

"  Effects  of  High  Frequency  Electrical  Discharges  passed  through  the  Body." 
Transactions  of  the  American  Electro-Therapeutic  Associaiion,  1894. 

"  Electricity  at  High  Pressures."  A  Lecture  before  the  New  York  Electrical 
Society,  March  29, 1899. 

**  Apparatus  for  Obtaining  High  Frequencies  and  Pressures."  Electrical  World, 
October  14, 1899,  and  Electrician  of  November  3,  1899. 

4.  Prodaotion  of  Electric  Oscillations  by  the  Discharge  of  a 
Condenser. — If  two  conductors  receive  electrical  charges  of  opposite 
sign,  in  other  words,  are  brought  to  different  potentials,  and  if  they  are 
suddenly  connected  through  a  conductor  having  inductance  but  small 
resistance,  the  equalization  of  their  potentials  takes  place  by  means  of 
a  discharge,  consisting  of  a  series  of  decadent  electrical  oscillations, 
or  movements  of  electricity,  to  and  fro  along  the  conductor. 

The  nature  of  this  phenomenon  is  best  explained  by  considering  a 
hydrodynamical  analogue.  Suppose  two  airtight  reservoirs  to  be 
connected  by  a  wide  pipe  having  in  it  a  valve  which  can  suddenly 
be  opened.  Let  one  vessel  contain  air  under  great  pressure  and  let 
the  other  vessel  be  exhausted.  Then  the  difiference  of  air  pressure 
between  the  vessels  is  analogous  to  the  difiference  of  electric  potential 
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of  the  electric  conductors.  If  then  the  valve  in  the  pipe  is  opened, 
air  rushes  from  the  full  to  the  empty  vessel,  but  owing  to  its  inertia 
it  overshoots  the  mark,  and  after  equalizing  the  pressure,  for  an 
instant  reverses  the  distribution.  The  air  then  rebounds,  and  the 
pressure  is  finally  equalized  only  after  a  series  of  gradually  subsiding 
to  and  fro  movements  of  air  in  the  pipe  have  taken  place.  Each 
vessel  has  successively  the  state  of  higher  and  lower  pressure  but  in 
decrescent  degree. 

The  conditions  for  the  estabhshment  of  such  air  oscillations 
between  the  two  vessels  are,  however,  that  the  pipe  be  very  suddenly 
opened,  and  it  must  offer  but  little  resistance  to  the  movement  of  the 
air.  If  the  pipe  throttles  the  air  motion,  then  the  pressure  would 
sink  gradually  in  one  vessel  and  rise  in  the  other,  but  there  would 
be  no  aerial  oscillations.  In  the  same  manner,  if  the  equalization  of 
the  electrical  potentials  of  the  charged  conductoi;  takes  place  through 
a  wire  of  k^b  resistance,  electric  oscillations  are  produced. 

We  niay^mploy  another  mechanical  illustration  of  the  same 
effect,  as  follows : — Suppose  a  glass  U-tube  to  be  partly  filled  with 
mercury,  and  the  mercury  to  be  displaced  so  as  to  be  higher  in  one 
limb  than  the  other.  There  is  then  a  force  due  to  the  difference  of 
level  urging  the  fluid  to  return  to  an  equal  height  in  the  two  Hmbs. 
Let  the  mercury  be  allowed  to  return  but  be  constrained  so  that 
it  is  released  slowly;  it  goes  back  to  its  original  position  without 
oscillations.  If,  however,  the  constraint  is  suddenly  removed,  then, 
owing  to  inertia  of  the  mercury,  it  overshoots  the  position  of 
equilibrium  and  oscillations  are  created.  If  the  tube  is  rough  in  the 
interior  or  the  Hquid  viscous,  these  oscillations  will  quickly  subside, 
being  damped  out  by  friction,  but  other  things  being  equal,  the  denser 
the  liquid  the  more  prolonged  will  be  the  time  of  the  oscillations. 

The  quality  we  call  inertia  in  material  substances  corresponds  in 
effect  with  the  inductance  of  an  electric  circuit,  and  the  frictional 
resistance  experienced  by  a  liquid  in  moving  ui  the  tube,  with  the 
electric  resistance  of  a  circuit.  If  we  suppose  the  U-tube  to  include 
air  above  the  mercury  and  to  be  closed  up  at  its  ends,  the  com- 
pressibihty  of  the  enclosed  air  would  correspond  to  the  electrical 
capacity  in  a  circuit. 

The  necessary  conditions  for  the  creation  of  mechanical  oscilla- 
tions in  a  material  system  or  substance  are  that  there  must  be  a 
self-recovering  displaceability  of  some  kind,  and  the  matter  displaced 
must  possess  density  or  inertia.  In  other  words,  the  thing  moved 
must  tend  to  go  back  to  its  original  position  when  the  disturbing  or 
restraining  force  is  withdrawn,  and  must  overshoot  the  position  of 
equihbrium  in  so  doing.  Erictional  resistance  causes  decay  in  the 
amplitude  of  the  oscillations  by  dissipating  their  energy  as  heat. 

In  the  same  way  the  essential  condition  for  establishing  electrical 
oscillations  in  a  circuit  is  that  it  must  connect  two  bodies  having 
electrical  capacity  with  respect  to  one  another,  such  as  the  plates 
of  a  condenser,  and  the  circuit  must  itself  possess  inductance  and 
low  resistance.  Under  these  conditions  the  sudden  release  of  the 
electrical  strain  results  in  the  production  of  an  oscillatory  electric 
current  in  the  circuit,  provided  the  resistance  of  the  circuit  is  less 
than  a  certain  critical  value.     We  have  these  conditions  present  when 
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the  two  coatings  of  a  charged  Leyden  jar  are  connected  by  a  thick 
copper  wire. 

Since  every  charged  conductor  is  merely  one  coating  or  surface  of 
a  particular  type  of  condenser,  it  follows  that  most  cases  of  electric 
discharge  in  the  form  of  a  spark  are  oscillatory  in  character.  It  is 
probable  that  many  Hghtning  flashes  are  oscillatory  discharges  on  a 
gigantic  scale.  In  a  later  chapter  we  shall  consider  the  methods  by 
which  the  existence  of  oscillations  set  up,  even  when  a  charged  metal 
ball  is  discharged  to  earth  by  a  spark  taken  by  the  knuckle,  can  be 
demonstrated. 

5.  General  Theory  of  the  Discharge  of  a  Condenser.— It  was 
long  ago  suspected  that  the  discharge  of  a  Leyden  jar  does  not  always 
consist  in  the  flow  of  a  transient  unidirectional  current  through  the 
discharging  circuit,  but  is  in  some  cases  an  alternating  current 
diminishing  gradually  in  strength.  Joseph  Henry,  in  1842,  came  to 
this  conclusion,  guided  to  it  no  doubt  by  his  observations  on  the 
irregular  effects  attending  the  magnetization  of  steel  needles  by 
Leyden  jar  discharges.     He  remarks  * — 

"  The  discharge,  whatever  may  be  its  nature  (that  is,  of  a  Leyden  jar),  is  not 
oorreotly  represented  by  the  single  transfer  of  imponderable  fluid  from  one  side 
of  the  jar  to  the  other.  The  phenomena  require  us  to  admit  the  existence  of  a 
principcU  discharge  in  one  direction  and  then  several  reflex  actions  backwards  and 
forwards,  each  more  feeble  than  the  preceding ,  until  equilibrium  is  obtained.  All 
the  facts  are  shovm  to  be  in  accordance  with  this  hypothesis,  and  a  ready 
explanation  is  afforded  by  it  of  a  number  of  phenomena  which  are  found  to  be 
described  in  the  older  works  on  Electricity,  but  which  have  lutil  this  time 
remained  unexplained." 

Von  Helmholtz,  whose  penetrating  genius  opened  up  so  many 
new  ideas,  in  his  celebrated  essay  "  Die  Erhaltung  der  Kraft "  ("  The 
Conservation  of  Force  "),  read  before  the  Physical  Society  of  Berlin, 
July  23,  1847,  said— 

"  We  assume  that  the  discharge  of  a  jar  is  not  a  simple  motion  of  the 
electricity  in  one  direction,  but  a  backward-and-forward  motion  between  the 
coatings,  in  oscillation  which  becomes  continually  smaller  until  the  entire  vis 
viva  is  destroyed  by  the  sum  of  the  resistances." 

Lord  Kelvin  published  in  1853  a  classical  paper,  "  On  Transient 
Electric  Currents,"  ^  in  which  the  discharge  of  the  Leyden  jar  was 
mathematically  treated  in  a  manner  which  elucidated  important  facts. 
He  recognized  the  influence  which  the  "  electro-dynamic  capacity,*'  or, 
as  we  now  call  it,  the  ituiuctance,  of  the  discharge  circuit  had  upon  the 
effects,  and  he  established  an  equation  of  energy  which  expresses  the 
fact  that  the  energy  of  the  charged  jar  at  any  instant  is  partly  being 
dissipated  as  heat  in  the  discharging  circuit,  and  partly  conserved  as 
current  energy  in  that  circuit. 

Consider  the  case  of  a  charged  Leyden  jar  or  condenser  discharged 
through  a  circuit  having  resistance  and  inductance.  In  the  act  of 
discharge  the  electrostatic  energy  stored  up  in  the  condenser  is 
converted  into  electric  current  energy  and  dissipated  as  heat  in  the 
connecting  circuit.    At  any  moment  the  rate  of  decrease  of  the  energy 

*  **  The  Scientific  Writings  of  Joseph  Henry,"  vol.  i.  p.  201.  Washington,  1886. 

*  "  On  Transient  Electric  Currents,"  by  Prof.  William  Thomson,  PhiU  Mag., 
1863,  ser.  4,  vol.  v.  p.  893. 
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in  the  jar  is  equal  to  the  rate  of  dissipation  of  energy  in  the  dis- 
charging circuit  plus  the  rate  of  change  of  the  kinetic  or  magnetic 
energy  associated  with  the  circuit. 

If  we  confine  our  consideration  of  the  problem  to  the  limited  case 
in  which  the  discharge  current  is  of  such  frequency  that  the  motion 
of  electricity  in  the  discharge  circuit  is  at  every  instant  in  the  same 
direction  in  all  parts  of  this  circuit,  and  uniformly  distributed  over  the 
cross  section  of  this  circuit,  we  can  set  out  the  elementary  theory 
following  Lord  Kelvin's  methods  as  follows : — 

If  the  capacity  of  the  jar  is  represented  by  G,  the  resistance  of  the 
discharge  circuit  by  B,  and  the  inductance  of  that  circuit  by  L,  then 
an  equation  of  energy  may  be  stated  piathematically^  as  follows : — 

dt  CJ 

or     ^^/  +  ?>+JL^^O     ...:...    (6) 
(U"      L   dt      LC^  ^^ 

or     TT'q  +  rq  +  q  =  0 (7) 

The  above  equation  (5)  is  merely  the  symbolical  expression  of 
the  fact  that  at  any  instant  the  rate  of  loss  of  energy  by  the  con- 
denser is  equal  to  the  sum  of  the  rate  of  dissipation  of  energy  in  the 
circuit  and  the  rate  of  storage  of  energy  in  the  magnetic  field  round  it. 

In  equation  (7)  T  is  written  for  ^  and  T'  for  CE,  whilst  q  and  q 

stand  for  the  first  and  second  time  differentials  of  q. 

The  above  differential  equation  belongs  to  a  class  which  occurs 
in  numerous  physical  investigations,  and  its  solution  in  the  last  form 
consists  in  finding  the  value  of  the  quantity  of  electricity  q  or  the 
charge  of  the  jar  at  any  instant  in  terms  of  the  time  and  the  three 
constants  L,  E,  and  C.  An  equation  of  this  kind  has  two  solutions 
according  to  the  relation  of  the  constants. 

It  is  easy  to  show,  following  Lord  Kelvin,  that  the  nature  of  the 
solution  of  the  above  equation  (6)  is  determined  by  the  relative  values 

of  the  quantities  ;g  and  LC,  or  by  ^  and  ^CE.     If     ^2  is  greater 

1  /iL        .   EC  .  L 

than  J-K^,  that  is  if  B  is  greater  than\y  -^,  or  if    .-  is  greater  than  tj» 

the  charge  in  the  jar  dies  s^way  gradually  as  the  time  increases,  in 
such  a  manner  that  the  discharge  current  is  always  in  one  direction. 

The  ratio  ^  is  called  the  time-constant  (T)  of  the  discharge  circuit, 

and  the  product  CE  is  called  the  time-constant  {T')  of  the  condenser 
circuit.  Hence  the  above  condition  amounts  to  saying  that  the  dis- 
charge is  tmidireotional  when  T  is  less  than  \^  TT\  that  is,  when 
the  time-constant  of  the  inductive  circuit  is  less  than  half  the 
geometric  mean  of  the  time-constants  of  the  inductive  circuit  and 
the  condenser  circuit. 
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The  solution  of  equation  (6)  and  the  determination  of  these  con- 
ditions offer  no  difficiilty. 

Assume  q  =  k^"^  where  A  is  some  constant,  c  is  the  base  of  the 
Napierian  logarithms,  and  m  a  quantity  to  be  determined.  Then  by 
substitution  we  have — 

d'q.B.dq.fj        ^/.,      R         1      \       ^ 

T>  1 

Hence    vv"  +  -  m  +  ^  -  =  0 (8) 

Solving  the  above  quadratic  equation,  we  have — 

R  .    /R»     r 

2L  "  V  4L«      LC 

.  R«  1 

Therefore  if  /j-j  is  greater  than  jt^,  the  roots  of  the  quadratic  (8) 

are  real,  and  th^  solution  of  (6)  takes  the  form — 

^  =  AiC^»' +  A,c««' (9) 

In  the  above  equation  Ai  and  A^  are  constants,  and  rui  and  rti^  are 
the  two  real  roots  of  (8). 

If  we  call  Q  the  total  charge  of  the  jar  at  the  instant  when  the 
discharge  begins  and  reckon  the  time  t  from  that  instant,  then  when 
/  =  0  we  have  ^  =  Q.     Also  the  current  i  flowing   out   of  the  jar 

=  —  -/.I  and  i  is  zero  when  /  =  0. 

Hence  from  (9),  under  these  conditions,  we  have — 
A,  +  A^  =  Q      and  AjW,  +  A^ti^  =  0. 

Therefore    A^  =  Q     ^^  and  A,  =  -Q     '"*    - 

*  Ifli  —  IWi  *  -tHi  —  fill 

Hence  the  complete  solution  of  equation  (6)  in  the  case  of  the  above 
defined  conditions  is — 

q  =  —  ^ —  {w^^C^i'  -  «iiC'"«') (10) 

71I2  —  Wlj 

and    „,=  -^^-^_-^_^_„_^) 

The  current  i  at  any  instant  flowing  out  of  the  condenser  is  found 
by  differentiating  equation  (10)  with  respect  to  /. 


But  when  /  =  0,  i  =  0,  and  when  /  =  ao  ,  i  =  0. 


Hence,  j  = -^^?^  (€^i«  -  c«»*) (12) 

VU2  ""  7fli 
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Corresponding  to  a  time  /  =  -^ — ^— — — — -,  the  current  t  has  a 

maximum  value. 

Accordingly  this  result  shows  us  that  when  the  resistance,  indue- 

R^  I 

tance,  and  capacity  are  so  related  that  r^^  is  greater  than  f-^  or, 

CR  I 

which  is  the  same  thing,  when  -r-  is  greater  than  ^»  then  the  discharge 

from  the  condenser  is  unidirectional  but  rises  up  to  a  maximum  value 
and  then  decays. 

QjD  T 

On  the  other  hand,  if  -7-  is  fcss  than  p-  the  roots  of  the  quadratic 
(8)  are  unreal,  and  may  be  written  in  the  form — 

m,=  -a+>^) (13) 

where    J  =- ^f-h  a^  ^j^B.nd  p  ^  s/ fjjT  U? 
In  this  case  the  solution  of  (6)  is — 

^  =  A,€-C«-iW  +  A.€-^«+>W  .     .     .     .    (U) 
Bearing  in  mind  the  exponential  values  of  the  sine  and  cosine,  viz. — 

sm^= ^ ,    co8^  = 2  — 

we  can  write  equation  (14)  in  the  form — 

q  =  €-«<  {(A,  +  A;)  COB  fit  +jXk,  -  A,)  sin  fit  \ 

Hence  from  the  values  of  A,  and  A^  already  obtained  we  arrive  at  the 
equation — 

q  =  ^_^^  {(w,  -  nh)  COS  fit  +;(m,  +  w^  sin  /?<}  .    (16) 
as  an  expression  for  q. 

Therefore   since   the   discharge   current   i  =  —  ^  we  have   by 
differentiation  of  (16) — 

*=     _      Um^-mi)(a  cos  pt+p  sin  pf)+JQfh+nh)  (a  sin  fit -fi  cos  /?/)} 
and  from  the  values  for  i»j  and  m,  given  above  we  have  finally — 


i  =  Qe-'(»'-±^)8in^/ (16) 


If  in  equation  (15)  we  substitute  the  values  of  »»,  and  m,  given  in 
equation  (13)  we  have — 

5  =  Qe-««(co8/S<-|sin)8/) 
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Also  if  V  is  the  potential  difference  of  the  plates  of  the  condenser  at 
the  time  t  and  V  their  initial  potential  difference,  Q  =  CV  and  q  =^  Cv 
where  C  is  the  capacity.     Hence — 


V  =  Vc-^'Tcos  )3^  -  ^sin  pi\ 


In  all  practical  cases  of   oscillatory  circuits   the  ratio    ^  is  small 

compared  with  unity,  and  then  p  =  p  =  2im.     Under  these  conditions 
the  above  equation  and  also  equation  (16)  take  the  form — 

t;  =  V€""*cos  »<    > 

,   ^     \ (17) 

Tl^ese  last  equations  are  of  the  same  form  as  the  expression 
t  =  l€""®*  sin  j)t  given  on  page  3  as  the  equation  for  the  wavy  line 
obtained  by^4he  projection  of  the  point  moving  along  a  logarithmic 
spiral.  They  show  therefore  that  both  the  currents  in  the  circuit  and 
the  potential  difference  of  the  condenser  plates  decay  in  accordance 
with  the  law  of  a  damped  oscillation  train. 

It  is  necessary,  however,  to  call  attention  at  this  point  to  the  fact 
that  when  circuits  are  traversed  by  high  frequency  currents  the 
resistance  B  and  the  inductance  L  of  the  discharge  circuit  which 
make  their  appearance  in  the  above  equations  have  not  the  same 
numerical  values  as  the  resistance  and  inductance  involved  when 
steady  continuous  currents  are  passing  through  the  circuit.  Accord- 
ingly the  above  statements  as  to  the  condition  under  which  the 
oscillatory  form  of  discharge  is  produced  are  subject  to  a  certain 
correction,  but,  broadly  speaking,  we  may  say  that  when  the  resistance 
of  the  discharge  circuit  is  very  low  the  discharge  will  take  the 
oscillatory  form."  If  we  examine  the  equation  (16)  for  the  discharge 
current,  wie  see  that  it  shows  that  tiie  current  is  zero  at  intervals  of 
time  corresponding  to  sin  fit  =  0.     It  follows  that  these  times  of 

zero  current  are  therefore 
z     ^  spaced  out  at  equal  intervals, 

each   equal  to  ^.     Also  the 

maximum  values  of  the  cur- 
rents in  either  direction  decay 
away  in  geometric  progression 
_.  as  the  times  increase  in  arith- 

™       '•"•EAxia.  .,    ^    ,^    .  metic  progression.     The  dis- 

cases,  VIZ.  the  dead-beat  case, 
and  the  oscilhioiij  case,  corresponding  to  the  equations  (12)  and  (16), 

*  See  sections  1  and  2,  Chap.  11.,  of  this  treatise.  When  the  frequency  is  so 
low  that  the  discharge  current  is  uniformly  distributed  over  the  cross  section  of 
the  conductor,  or  when  the  conductor  is  so  laminated  that  this  is  the  case,  the 
quantity  K  in  the  equations  above  is  the  ordinary  or  ohmic  resistance  and  L  is 
the  ordinary  inductance,  but  when  the  frequency  is  so  high  that  the  current  is 
not  so  distributed,  then  the  resistance  B  and  inductance  L  must  be  replaced  by 
the  high  frequency  resistance  and  inductance  of  the  circuit. 


AND  ELECTRIC  OSCILLATIONS 


2j 


can  therefore  be  represented  graphically  by  the  two  curves  shown  ii 
Pig.  11  and  Rg,  12. 

The  ordinates  of  the  curve  in  Fig.  11  represent  the  dischargi 
current  at  various  instants  during  the  discharge  in  the  dead-beat  oi 
non-oscillatory  case,  and  the  ordinates  of  the  curve  in  Mg.  12,  th< 
currents  in  the  oscillatory  case.  In  this  last,  the  ordinates  above  th^ 
datum   line  represent   currents  in  one  direction,  and  those  below 


Fio.  12. — Carve  representing  the  Damped  OsciUatory  Discharge  Current 
of  a  Condehser. 


currents  in  the  opposite  direction.     The  gradual  decrease  of   th 

maximum  ordinates  indicates  the  damping. 

The  Napierian  logarithm  of  the  ratio  of  any  maximum  curren 

or  ordinate  to  the  next  maximum  in  the  opposite  direction  multiplie 

by  twice  the  frequency,  gives  us  the  value  of  the  damping  coefficien 

R 
a  as  shown  in  section  2.     Accordingly  we  have,  a  =  ^y  =  2?i8,  an< 

fi  =  ^  / :r7,^  .^  '     Taking    ^   to   represent    the  interval  of    tim 
V  LC      4L^  2 

between  two  successive  values  of  zero  discharge  current,  when  it  i 

oscillatory,  we  see  from  the  above  that — 


(18) 


Hence  the  oscillations  are  isochronous,  and  their  frequency  »  =  y,  i 


2»- 

2t 

fi 

VlV 

given  by — 


2*.  V   jr,      4rO 


(19) 


R^ 


If  R  is  so  small  that  t^t-  can  be  neglected  in  comparison  wit) 


f  p,  then  the  frequency  is  given  by  the  expression- 

1 


n  = 


2^VLC 


(20) 
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In  this  equation,  the  quantities  L  and  C  must  be  measured  in 
homologous  units  ;  that  is,  both  in  electro-magnetic  units,  or  both  in 
practical  units,  viz.  in  hmrys  a,nd  farads. 

In  the  majority  of  cases  in  which  electric  oscillations  are 
practically  used,  the  resistance  of  the  oscillatory  circuit  is  negligible, 
and  the  inductance  is  small  and  conveniently  measured  in  absolute 
C.G.S.  units  or  centimetres.  Also  the  capacity  is  usually  of  a 
magnitude  best  defined  in  microfarads,  one  microfarad  being  10~*  of 
a  farad  or  10""  of  an  absolute  C.G.S.  electro-magnetic  unit  of 
capacity.  Hence  when  the  capacity  and  inductance  involved  are 
reckoned  in  microfarads  and  centimetres,  the  expression  for  the 
natural  frequency  of  the  circuit  takes  the  form — 

5033  X  l(f ,^,, 

n  =  „   (21) 

y  capacity  in  miavfarads  x  indiictance  in  centimetres 

/  TrvvS 
The  constant  6033  is  the  value  of  — g —  and  may  in  practice  be 

taken  as  equal  to  5.  We  shall  frequently  have  occasion  to  make  use 
of  the  above  formula.  Experimental  confirmation  of  it  is  given  at 
the  end  of  Chapter  III.  of  this  book. 

6.  Experimental  Confirmation  of  Theory. — The  theoretical 
prediction  that  the  discharge  of  a  condenser  may  take  place  by  a 
series  of  decreasing  alternating  currents  or  electric  oscillations  was 
subsequently  verified  by  experiment 

Feddersen  (see  Foggendorff's  Annahn  der  Chernie  und  Fhysik,  vol. 
103,  p.  69)  in  1858  and  1859  examined  the  spark  discharge  of  a  Leyden 
jar  in  a  revolving  mirror.  Paalzow  in  1861  and  1863  (see  Fogg,  Ann., 
vol.  112,  p.  667,  and  vol.  118,  p.  178)  also  passed  the  discharge  through 
a  vacuum  tube.  It  was  found  that  if  the  discharge  circuit  had  a  resist- 
ance greater  than  a  certain  critical  value  the  image  of  the  spark  was 
drawn  out  into  a  continuous  band  of  light,  and  the  vacuum  tube 
showed  by  the  different  appearance  of  the  glow  near  the  two 
electrodes  that  the  discharge  was  unidirectional.  If,  however,  the 
resistance  was  less  than  a  certain  critical  value,  then  the  image  of 
the  spark  was  seen  as  a  series  of  separated  bars  of  light,  whilst  the 
vacuum  tube  showed  by  the  identity  in  the  appearance  of  the  glow 
light  at  the  two  terminals  that  the  discharge  was  bidirectional. 
Moreover,  a  magnet  then  held  near  the  vacuum  tube  split  the  discharge 
into  two  lines  of  light. 

Professor  Boys  photographed  some  years  ago  the  oscillatory 
discharge  of  a  Leyden  jar  by  means  of  a  rapidly  revolving  lens,  and 
showed  that  with  sufl&ciently  low  resistance  in  the  circuit  the  photo- 
graphic image  of  the  discharge  spark  consisted  of  a  series  of  separated 
images  due  :to  the  successive  oscillatory  discharges,  each  of  which 
made  its  own  impression  upon  the  plate.' 

In  these  experiments  a  number  of  equifocal  lenses  were  set  at 
various  distances  eccentrically  in  a  steel  disc  and  caused  to  rotate  at 
a  high  and  known  speed  (see  Fig.  13).  In  one  focus  of  the  lens 
system  an  oscillatory  electric  spark  was  created  by  the  discharge  of 

'  See  Proc,  Phya.  Soc.  Lond,y  November,  1890,  vol.  xi.  p.  1. 
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Fig.  13.— Prof.  Boy's  Revolving  Lens  Disc  for 
Photographing  Oscillatory  Electric  Sparks. 


a  condenser  of  known  capacity  through  a  wire  of  determined 
inductance.  In  some  of  the  experiments  the  condenser  consisted 
of  glass  plates  covered 
with  tinfoil  and  had  a 
capcMsity  of  ahout  01 
microfarad.  The  induct- 
ance consisted  of  a  large 
coil  of  insulated  wire 
having  an  inductance  of 
0*026  of  a  henry.  Hence, 
the  oscillation  frequency 
was  about  3300.  The 
several  images  of  the 
spark  were  projected  by 
the  revolving  lenses 
upon  a  photographic  f"^^ 
plate  and  drawn  out  into 
segmental  bands,  broken 
up  into  dark  and  bright 
portions,  corresponding 
to  the  electric  oscillations.  From  the  known  speed  of  the  lens  disc, 
the  time  interval  corresponding  to  each  separate  spark  image  could  be 
calcidated.  One  of  the  photographs  is  shown  in  Fig.  14.  The 
photographs  showed  from 
14  to  23  oscillations  per 
spark,  and  the  measured 
periodic  time  or  frequency 
agreed  very  well  with  that 
calculated  from  the  in- 
ductance and  capacity. 

Professor  J.  Trow- 
bridge has  also  obtained 
some  interesting  photo- 
graphs of  oscillatory  sparks 
taken  from  the  discharge 
oi  a  large  glass  plate  con- 
denser charged  by  means 
of  a  battery  of  20,000 
small  lead  storage  cells. 
The  battery  was  employed 
to  charge  the  condenser 
plates  in  parallel,  and  then 
these  last  were  changed 
bv  a  commutator  into  ^^^'  14- -Photograph  of  an  Oscillatory  Electric 
oy     a     commuiawjr     mco       ^  ^^^  ^^^^  ^^    p^.^^  ^  ,^  ^.^^^  ^  Revolving 

series   so  as    to    add    up       L^ng, 

the    potentials.      In   this 

manner  he  obtained  discharges  representing  a  potential  difference 

of  3  milUon  volts.*     The  sparks  were  6  or  7  feet  in  length,  and 

*  See  a  paper  read  by  Prof.  J.  Trowbridge  at  a  meeting  of  the  American 
Academy  of  Arte  and  Sciences,  Harvard  University,  Cambridge,  U.S.A.,  or  Nature^ 
August  2,  1900,  vol.  62,  p.  825,  "  On  some  results  obtained  with  a  Storage  Battery 
of  Twenty  Thousand  Cells," 
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photographs  of  them  showed  distinctly  their  oscillatory  charactBr. 
(See  Fig.  16.) 

By  using  a  large  inductance,  the  frequency  was  reduced  as  low  as 
800.  The  frequency  of  the  oscillatory  spark  represented  in  Fig.  15  is 
5000. 

Trowbridge  found  that  with  potentials  of  3  million  volts  air  at 
ordinary  pressures  became  conducting,  and  he  also  showed  by- 
photographs  that  the  discharges  through  air  at  this  potential  re- 
sembled miniature  flashes  of  lightning  and  were  clearly  oscillatory 
in  character. 

Professor  Trowbridge  has  also  given  in  another  place  some  beau- 
tiful reproductions  of  photographs  of  oscillatory  sparks.®  In  these 
experiments  a  condenser  was  charged  by  an  induction  coil  actuated  by 
an  alternator,  and  the  discharge  took  place  across  a  spark  gap  in  a 
primary  coil  or  circuit  having  inductance.  This  circuit  acted  induc- 
tively upon  the  two  other  circuits,  also  having  inductance  and  capacity 
in  them,  and  each  also  having  a  spark  gap. 

The  images  of  sparks  occurring  at  the  three  spark  gaps  were  simul- 
taneously photographed  by  being  thrown  on  a  sensitive  plate  after 
reflection  from  a  revolving  mirror.     The  spark  images  were  therefore 


■  Fio.  15.— Photograph  of  Oscillatory  Electric  Sparks,  taken  by  Prof.  Trowbridge. 

drawn  out  into  bands  of  light  (see  Fig.  16),  and  these  were  serrated  at 
the  edges  when  the  spark  was  oscillatory. 

These  researches  clearly  showed  that  even  when  the  primary  spark 
was  not  oscillatory  it  could  yet  give  rise  to  an  oscillatory  secondary 
current  in  one  of  the  adjacent  circuits. 

Another  matter  studied  by  Professor  Trowbridge  was  the  influence 
of  the  magnetic  permeability  of  the  material  in  and  near  the  discharge 
circuit. 

If  the  inductance  coil  through  which  the  condenser  discharge  takes 
place  has  an  iron  core  inserted  into  it,  the  resulting  increase  of  induct- 
ance shows  itself  by  the  reduction  in  frequency  of  the  oscillatory  spark. 
Also  since  the  magnetic  hysteresis  of  the  iron  demands  an  energy 
expenditure,  this  damps  out  the  oscillations  more  quickly  than  woiild 
otherwise  be  the  case.  This  is  well  indicated  by  some  photographs  of 
oscillatoiy  sparks  taken  by  Dr.  E.  W.  Marchant  in  Lord  Blythswood's 
laboratory  at  Eenfrew.  He  photographed,  by  the  aid  of  a  revolving 
mirror,  the  oscillatory  spark  obtained  by  discharging  a  condenser 
formed  of  glass  plates  coated  with  tinfoil.  The  condenser  had  a 
capacity  of  006  microfarad,  and  the  resistance  coil  through  which  it 

•  See  Phil.  Mag.,  August,  1894,  ser.  6,  vol.  88,  p.  182,  Plate  VII. 
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was  discharged  an  inductance  of 
0-005  henry.  The  frequency  was 
therefore  about  9000.  The  con- 
denser was  charged  to  13,500  volts. 
The  image  of  the  spark  in  the  re- 
volving mirror  is  shown  in  Fig.  17. 
A  core  of  550  iron  wires  No.  28 
S.W.G.  was  then  inserted  in  the 
inductance  coil  and  the  spark  again 
photographed.  In  this  last  case 
the  frequency  of  the  oscillations,  as 
shown  by  the  time  interval  be- 
tween the  successive  images,  is 
mu-kedly  increased  (see  Fig.  18). 
Also  the  decay  of  the  oscillations  is 
seen  to  be  increased,  thus  showing 
the  augmented  damping  due  to  the 
iron  core.^® 

If  the  oscillations  do  not  exceed 
a  certain  frequency,  one  of  the 
simplest  methods  of  photographing 
them  and  comparing  the  observed 
frequency  with  that  calculated  from 
the  capacity  and  inductance,  is  the 
method  adopted  by  Dr.  A.  Schuster 
and  Dr.  G.  A.  Hemsalech." 

In  this  case  a  circular  sheet  of 
photographic  sensitive  film  is  at- 
tached to  the  flat  sm-face  of  a  steel 
disc  which  revolves  inside  a  closed 
box.  The  disc  is  capable  of  re- 
volving at  a  speed  of  120  tvims  per 
second,  and  as  it  has  a  diameter 
of  about  33  cms.,  a  point  near  the 
edge  has  a  linear  velocity  of  about 
10,000  cms.  per  second,  or  100,000 
mms.  per  second.  The  box  in 
which  the  disc  is  contained  has 
a  small  sht  opposite  the  periphery 
of  the  disc,  and  by  means  of  a  lens 
an  image  of  another  sht,  illumi- 
nated by  an  electric  spark  behind 
it,  can  be  thrown  upon  the  sensitive 
film.  When  the  spark  is  con- 
tinuous, the  photographic  image  on 
the  film  is  a  band  of  light,  the 
length  of  which  corresponds  with 

>•  See  a  letter  by  Dr.  E.  W.  Marchant, 
Nature,  voL  62,  p.  418,  August  80, 1900. 

"  See  G.  A.  Hemsalech,  Journal  de 
Phynque,  Febniary,  1902,  ''La  Consti- 
tution de  retincelle  (Qectrique.** 


FiQ.  16.— Photographs  of  Oscillatory 
Electric  Sparks  by  Prof.  Trowbridge,  . 
taken  with  a  Revolving  Mirror,  w.  ^ 
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Fig.  17.— Coil  without  Iron  Core. 


the  duration  of   the  spark,  but  when   the   spark   is  oscillatory,  the 
image  is  a  series  of  separated  images.     As  1  mm.  between  the  images 

corresponds  to  about  000001  of 
a  second,  we  can  determine  from 
the  angular  separation  of  the 
images  and  the  speed  of  the 
disc  the  frequency  of  the  oscilla- 
tions. In  Fig.  20  is  shown  a 
photograph  of  the  oscillatory- 
spark  taken  by  Dr.  Hemsalech 
by  this  means.  Fig.  19  shows 
the  image  on  the  plate  when  the 
disc  is  at  rest,  and  Fig.  20  shows 
the  image  of  the  oscillatory 
spark  produced  when  a  con- 
denser consisting  of  8  large 
Ley  den  jars  (capacity  about 
0048  mfd.)  was  discharged 
through  an  inductance  of  0042 
henry  or  42,000,000  cms.^* 
The  frequency  is  therefore  about  3500  complete  periods  per  second. 
If  the  bobbin  forming  the  inductance  had  an  iron  core  18  mms. 
in  diameter  inserted  into  it,  the  effect  was  to  greatly  reduce  the  num- 
ber of  oscillations  in  the  train  (see  Fig.  21).     This  photograph  shows 


Fig.  18.— Coil  with  Iron  Core. 

Photographs  of  Oscillatory  Electric 
Sparks,  taken  with  a  Revolving 
Mirror  by  Prof.  Marchant. 


nn:}:> 
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Fig.  19.  Fig.  20.  Fig.  21. 

Photographs  of  an  Oscillatory  Electric  Spark,  by  Dr.  Hemsalech. 


clearly  that  the  iron  core  absorbs  some  of  the  energy  of  the  discharge 
and  acts  as  an  additional  damping.  As  already  stated,  this  is  due  to 
the  magnetic  hysteresis  loss  and  to  the  energy  loss  due  to  the  eddy 
electric  currents  set  up  in  the  core  by  the  rapid  oscillatory  magnetiza- 
tion to  which  it  is  subjected.  These  photographs  are  interesting 
because  they  reveal  to  us  something^of  the  mechanism  of  the  discharge. 
By  examining  the  image  of  the  spark  with  a  spectroscope.  Dr.  Schuster 
and  Dr.  Hemsalech  have  shown  that  in  this  case  the  first  effect  of  the 
initial  oscillation  is  to  pierce  the  air  between  the  discharge  balls,  or 
rather  that  the  electric  current  constituting  the  first  oscillation  is 
carried  by  conduction  through  the  air  of  the  spark  gap.  This  forms 
the  so-called  *'  pilot  spark,"  which  is  well  shown  in  certain  photo- 
graphs.    The  energy  of  this  first  oscillation  volatilizes  some  of  the 

'»  See  A.  Schuster  and  G.  A.  Hemsalech,  Phil.  Trans.  Eoy.  Soc.  1899,  vol.  193, 
p.  189.  Also  G.  A.  Hemsalech,  Comptes  Rendus,  1901,  vol.  130,  p.  SiS;  vol.  182, 
p.  917. 
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metal  of  the  spark  balls  and  creates  a  supply  of  metallic  vapour, 
which  conducts  the  next  oscillation,  and  thereafter  each  oscillation 
travels  in  or  by  the  conducting  metallic  vapour  produced  by  the  pre- 
ceding oscillation  and  in  turn  creates  a  further  supply.  Hence  the 
energy  of  the  oscillatory  discharge  is  chiefly  expended  in  creating  the 
metallic  vapour  between  the  electrodes  whereby  the  discharge  passes. 
Interesting  questions  therefore  arise  as  to  the  resistance  of  the  electric 
spark,  and  whether  this  resistance  remains  constant  during  the  whole 
period  of  a  train  of  oscillations.  We  shall  return  to  the  consideration 
of  this  matter  in  connection  with  the  damping  of  electrical  oscillations 
in  circuits  containing  a  spark  gap."  Meanwhile  it  is  sufficient  to  say 
that  the  resistance  of  an  oscillatory  spark  as  used  in  wireless  tele- 
graphy is  rarely  more  than  a  few  ohms  and  often  only  a  fraction  of 
an  ohm. 

We  shall  also  discuss  the  variation  of  spark  resistance  during  the 
discharge. 

It  is  found  that  this  does  not  remain  constant,  but  increases 
towards  the  end  of  each  train  of  oscillations.  Generally  speaking, 
it  may  be  said  that  the  larger  the  quantity  of  electricity  which  passes 
at  each  oscillation,  the  less  is  the  equivalent  spark  resistance. 

It  is  found,  however,  that  the  equivalent  resistance  of  a  single 
spark  or  single  isolated  group  of  oscillations  is  different,  and  greater 
than  that  of  a  closely  recurring  series  of  oscillatory  electric  discharges. 

7.  Apparatus  lor  the  Produotion  of  Damped  Trains  of 
Intermittent  Electric  Oscillations. — ^The  usual  method  employed 


B:^ 


Fio.  22. — Diagrammatic  Representation  of  the  Arrangement  of  Apparatus  for  the 
Production  of  Electric  Oscillations.  B,  battery  ;  I,  induction  coil ;  S,  Bpark 
balls ;  0,  G,  condensers ;  L,  inductance  coil ;  H,  hammer  break ;  D,  coil 
condenser. 


for  the  production  of  electric  oscillations  is  the  intermittent  discharge 
of  a  condenser  of  some  kind,  the  charge  and  discharge  being  repeated 
at  regular  and  frequent  intervals. 

The  arrangement  consists  of  a  condenser  suitable  for  being  charged 
to  a  high  potential,  which  is  then  discharged  through  an  inductance 
of  low  resistance,  thus  creating  a  train  of  oscillations,  and  this  process 
is  repeated  several  times  in  a  second. 

^*  See  Chapter  III.  of  this  treatise. 
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One  of  the  simplest  and  most  convenient  arrangements  consists 
in  connecting  to  the  secondary  terminals  of  an  induction  coil  a  high 
tension  condenser,  such  as  a  Leyden  jar  or  jars,  joined  in  series 
with  an  inductive  resistance.  The  secondary  terminals  of  the  in- 
duction coil  are  provided  with  spark  balls,  or  else  connected  to  a 
separate  ball-discharger,  and  the  arrangement  is  as  shown  diagram - 
matically  in  Fig.  22,  and  in  perspective  in  Fig.  23.  When  the 
induction  coil  is  set  in  action,  at  each  interruption  of  the  primary 
current  an  electromotive  force  is  created  in  the  secondary  circuit. 
This  charges  the  condenser,  and  if  the  spark  balls  are  placed  at  a 
suitable  distance  apart,  easily  found  by  trial,  the  electromotive  force 
breaks  down  the  insulation  of  the  air  between  the  spark  balls  when 
it  reaches  a  certain  value,  and  the  charged  condenser  then  discharges 
across  the  spark  gap  and  creates  electric  oscillations  in  the  inductance 
coil.     This  process  is  repeated  at  every  interruption  of  the  primary 


Fig.  aS.—Perspective  View  of  the  Arrangement  of  Apparatus  for  the  Pro- 
duction of  Electric  Oscillations,  consisting  of  an  Induction  Coil,  Condensers 
(Leyden  Jars),  Spark  Gap,  and  Inductance  Spiral. 

circuit  of  the  coil,  and  if  the  adjustments  are  properly  made,  it  results 
in  the  production  of  a  continuous  noisy  spark  between  the  spark  balls, 
which  is  in  fact  a  continuous  series  of  oscillatory  discharges  with 
short  intervals  of  time  between  them,  corresponding  to  the  groups  of 
electric  oscillations  produced  in  the  inductive  circuit. 

In  place  of  an  induction  coil,  any  other  type  of  generator  of  high 
electromotive  force  might  be  employed;  such,  for  instance,  as  an 
electrostatic  machine,  a  voltaic  battery  of  a  large  number  of  cells,  a 
continuous  or  alternating  current  dynamo,  or  an  alternating  current 
transformer.  If,  however,  a  voltaic  battery,  continuous  current  high 
tension  dynamo,  or  alternating  current  transformer,  is  employed,  the 
arrangement  will  not  operate  well  unless  some  means  are  used  to 
continually  destroy  or  prevent  the  electric  arc  discharge  which  tends 
to  be  produced  and  maintained  across  the  spark  gap.  The  spark 
which  occurs  at  this  gap  must  consist  wholly,  or  nearly  entirely,  of 
the  discharge  coming  from  the  condenser,  and  not  have  superimposed 
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on  it  any  true  electric  arc  discharge,  either  continuous  or  alternating, 
proceeding  directly  from  the  source  of  the  electromotive  force.  We 
shall  discuss  in  a  later  section  the  various  devices  for  controlling  the 
operation  of  the  electric  generator  in  this  respect.  In  the  majority 
of  cases,  the  most  convenient  source  of  electromotive  force  is  found 
to  be  either  a  large  induction  coil,  the  primary  circuit  of  which  is 
traversed  by  an  interrupted  continuous  current  or  alternating  cur- 
rent, or  else  the  employment  of  some  form  of  alternating  current 
transformer. 

We  proceed  to  consider  in  further  detail  the  practical  arrange- 
ments which  have  to  be  employed.  It  is  essential  that  the  source  of 
electromotive  force,  whatever  its  nature,  shall  not  only  be  able  to 
eveate  a  large  difference  of  potential  between  the  surfaces  of  some 
form  of  condenser,  but  shall  also  be  able  to  supply  a  certain  minimum 
electric  cun^ent.  Hence,  for  m^ny  purposes,  an  electrostatic  electrical 
machine  would  be  unsuitable,  because  although  capable  of  producing 
a  large  difference  of  potential,  it  acts  like  an  electric  generator  of  very 
high  internal  resistance,  and  therefore  the  current  which  can  be 
obtained  from  it,  that  is,  the  rate  of  supply  electricity,  is  very  small. 
The  employment  of  voltaic  cells,  or  secondary  batteries,  as  a  source 
of  electromotive  force,  presents  many  advantages,  but  the  very  large 
number  of  cells  required  and  the  expense  of  maintaining  them  in 
order  renders  this  form  of  electromotor  more  suitable  for  special 
research  purposes  than  for  general  use. 

Professor  Trowbridge  has  employed  a  battery  of  20,000  small 
secondary  cells,  giving  an  electromotive  force  of  42,000  volts,  in 
special  researches  on  electric  oscillations.  For  this  purpose  high 
potential  continuous  current  dynamos  have  also  been  used,  but 
although  the  difficulties  involved  in  the  commutation  of  these  high 
potential  continuous  currents  have  been  overcome,  at  least  as  far  as 
the  construction  of  continuous  current  dynamos  up  to  10,000  volts  is 
concerned,  yet  the  complications  which  are  involved  in  the  use  of  the 
continuous  current  do  not  compensate  for  the  other  advantages. 

Hence  practically  we  are  limited  at  the  present  moment  to  one  of 
two  appliances  as  a  source  of  high  electromotive  force  for  charging 
the  necessary  capacity,  viz.  either  an  induction  coil  or  an  alternating 
current  transformer. 

In  the  next  place,  we  have  to  provide  some  form  of  condenser  to 
receive  and  store  the  energy.  This  must  be  one  capable  of  being 
charged  to  a  potential  of  20,000  volts,  or  more,  as  otherwise  the 
oscillations  produced  are  very  feeble.  The  condenser  has  to  be  placed 
in  series  with  an  adjustable  spark  gap  and  with  an  inductance  which 
generally  consists  of  the  primary  circuit  of  an  air  core  transformer, 
called  an  oscillation  transformer. 

In  the  next  place,  there  must  be  means,  such  as  certain  choking 
coils  or  inductances,  for  preventing  the  formation  of  an  electric  arc 
between  the  spark  balls,  and,  lastly,  a  key  for  controlling  the  operation 
of  the  arrangement  at  pleasure.  Accordingly  there  are  seven  elements 
in  the  complete  oscillation-producing  appliance,  which  are  as  follows : — 

1.  The  induction  coil  transformer  or  source  of  electromotive 
force  (T). 

2.  The  condenser  (C). 
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3.  The  discharger  or  spark  balls  (D). 

4.  The  arc  quenching  inductances  (Q). 
6.  The  oscillation  transformer  (PS). 

6.  The  adjustable  inductance  for  varying  the  period  (L). 

7.  The  controller  or  key  in  the  primary  circuit  of  the  coil  or 
transformer  (K). 

These  several  elements  have  each  to  be  considered  separately 
with  reference  to  their  best  practical  forms  for  various  purposes. 

Diagrammatically,  the  complete  appliance  for  producing  trains  of 
damped  electric  oscillations  is  as  shown  in  Fig.  24,  where  the  letters 
have  reference  to  the  parts  or  elements  1  to  7,  as  enumerated  above. 

When  the  key  K  is  closed,  and  the  apparatus  in  operation,  we 
have  trains  of  intermittent  decadent  electrical  oscillations  set  up  in 
the  circuit  CPL,  and  if  the  terminals  of  the  secondary  circuit  S  of 
the  oscillation  transformer  are  near  together,  we  have  high  potential 
high  frequency  oscillatory  sparks  passing  between  them. 

There  are  certain  modifications  of  the  above  arrangement  which 
will  be  considered  later,  but  the  above-described  apparatus  in   a 


Fig.  24. — Arrangement  of  Apparatus  for  producing  High  Frequency 
Electric  Oscillations. 

typical  form  is  generally  called  a  Tesla  apparatus  for  the  production 
of  high  frequency  electric  currents. 

8.  Induction  Coils  for  creating  Eleotric  Osoillations.-— It  is 

not  necessary  to  occupy  space  with  any  elementary  explanation  of  the 
construction  of  the  induction  coil.  A  coil  very  generally  employed 
for  the  production  of  electric  oscillations  is  that  known  as  a  10-inch 
coil,  that  is,  one  which  is  capable  of  giving  a  10-inch  spark  between 
pointed  conductors  in  air  at  the  ordinary  pressure  (see  Fig.  25).  The 
construction  of  a  large  induction  coil  is  a  matter  requiring  very  great 
technical  skill,  and  should  not  be  attempted  without  considerable 
previous  experience  in  the  manufacture  of  smaller  coils."  A  coil  of 
the  above  size  usually  has  a  primary  circuit  consisting  of  a  length  of 
300  or  400  feet  of  insulated  copper  wire,  No.  12  or  No.  14,  S.W.G. 
The  secondary  circuit  would  consist  of  a  double  silk-covered  copper 
wire.  No.  34  or  No.  36,  S.W.G.,  a  length  of  10  to  17  miles  of  wire 
being  employed,  according  to  the  diameter  of  the  wire  selected.  It 
is  necessary  to  wind  the  secondary  circuit  of  such  a  coil  in  a  large 

^'  Detailed  instructions  for  the  manufacture  of  large  induction  coils  are  given 
in  a  "  Treatise  on  the  Construction  of  Large  Induction  Coils,"  by  A.  T.  Hare 
(Methuen  <fe  Co.).  Particulars  of  many  large  coils  are  given  in  a  treatise  on  "  The 
Alternate  Current  Transformer,"  by  J.  A.  Fleming,  vol.  ii.  chap.  1  (the  Elec- 
trician Printing  and  Publishing  Co.,  Ltd.,  1,  Salisbury  Court,  Fleet  Street,  B.C.) 
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nmnber  of  flat  sections,  the  sections  being  prepared  separately,  and 
each  carefully  insulated  with  paraffin  wax  and  discs  of  shellaced 
paper,  the  coils  being  so  wound  in  two  layers  that  there  are  no  joints 
between  sections  at  the  inside,  but  all  soldered  junctions  are  at  the 
ontside  ends.  A  number  of  such  sections,  varying  from  100  to  600, 
are  employed  in  building  up  the  secondary  coil,  and  these  are  slipped 
on  to  a  thick  ebonite  tube,  in  the  interior  of  which  is  placed  a  primary 
circuit  and  the  iron  core. 

A  special  form  of  winding  machine  has  been  invented  by  Leslie 
Miller  (British  Pat.  Spec,  No.  5811  of  1903)  for  winding  the  flat  sec- 
tions of  the  secondary  bobbin,  so  that  no  joints  at  all  between  sections 


Fig.  26.— 10-inch  Spark  Induction  Coil. 

are  necessary,  the  secondary  wire  being  continuous  from  end  to  end. 
(See  Fig.  26.) 

By  this  invention  the  secondaries  of  induction  coils  and  trans- 
formers can  be  wound  in  a  manner  not  hitherto  accomplished.  The 
secondary  bobbins  in  induction  coils,  made  to  give  from  10-  to  18-inch 
sparks,  are  built  up  in  the  Miller  process  of  700  to  1200  separate  single 
wire  sections,  with  a  disc  of  paper  between  each  section,  the  wire  being 
continued  from  one  section  to  the  other  without  any  joint.  The 
method  of  winding  will  be  readily  understood  from  the  diagram  in 
Rg.  26.  For  the  sake  of  clearness,  this  diagram  shows  the  sections 
widely  separated  from  one  another,  whereas  in  reality  they  are  closely 
compacted  together. 

The  construction  of  the  secondary  circuit  must  be  such  that  no 
parts  of  the  secondary  wire,  which  are  at  great  differences  of  potential 
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when  the  coil  is  in  action,  are  near  together,  and  one  very  important 
point  is  the  construction  of  the  secondary  in  a  sufficient  number  of 
flat  sections.  Another  essential  detail  is  the  sufficient  insulation 
of  the  secondary  bobbin  from  the  primary  coil.  With  this  object 
in  all  large  induction  coils,  the  primary  circuit  and  its  iron  core  are 
entirely  enclosed  in  a  stout  ebonite  tube,  the  walls  of  which  must  be 
at  least  half  an  inch  in  thickness,  and  it  should  preferably  be  over- 
laid with  a  layer  of  paraffin  wax  an  inch  in  thickness.  On  the  com- 
pound tube  so  formed  the  sections  forming  the  secondary  circuit  of 
the  coil  are  slipped.  When  the  sections  in  the  secondary  circuit  have 
all  been  joined  up  and  the  connections  well  insulated,  the  whole  of  the 
secondary  circuit  should  be  compressed  and  immersed  in  molten 
paraffin  wax.  This  is  best  done  by  enclosing  the  secondary  circuit  in 
an  iron  box  of  the  required  size,  which,  after  being  closed,  is  heated  and 
the  air  exhausted  from  it.     Molten  paraffin  wax  is  then  allowed  to  flow 


Fig.  26. — Method  of  building  up  the  Secondary  Circuit  of  an  Induction  Coil  in 
Sections  by  Leslie  Miller's  mode  of  winding. 


in  under  pressure  and  set  solid.  In  this  manner  the  entire  secondary 
circuit  is  penetrated  with  paraffin  wax,  and  the  production  of  vacuous 
spaces  as  the  wax  cools  is  prevented.  The  silk-covered  copper  wire 
employed  in  winding  the  secondary  should  also  be  heated  to  a  tem- 
perature above  that  of  boiling  water,  previous  to  being  immersed  in 
paraffin  wax,  during  the  winding  of  the  secondary  sections.  When 
completed,  the  secondary  winding  is  enclosed  in  a  cylinder  of  ebonite, 
and  thick  ebonite  cheeks  are  fitted  to  the  ebonite  tube  on  which  the 
secondary  is  woimd.  As  the  surface  of  ebonite  deteriorates  in  insulat- 
ing quality  by  exposure  to  light,  it  is  better  to  enclose  the  completed 
induction  coil  in  a  wooden  box,  which  is  filled  in  sohd  with  paraffin 
wax,  the  ends  of  the  secondary  circuit  being  brought  out  through  thick 
ebonite  tubes,  which  pass  right  down  into  the  wax.  Instrument 
makers  are  too  prone  to  study  external  appearance  in  instrument 
making,  and  the  ordinary  type  of  induction  coil,  though  very  suitable 
for  the  lecture  table,  is  not  at  all  well  adapted  for  practical  use  in 


AND  ELECTRIC   OSCILLATIONS  33 

connection  with  wireless  telegraphy,  when  the  coil  has  to  be  used  in 
damp  exposed  places,  such  as  in  a  lighthouse  or  on  board  ship. 

The  primary  circuit  of  a  10-inch  spark  coil  generally  consists  of 
360  turns  of  No.  12  S.W.G.  copper  wire  wound  round  an  iron  core 
consisting  of  a  bundle  of  soft  iron  wires,  2  inches  in  diameter.  It 
has  resistance  of  about  0*36  ohm  and  an  inductance  of  002 
henry.  The  secondary  circuit  of  such  a  coil  may  consist  of  17' 
miles  of  No.  34  S.W.G.  copper  wire,  making  about  60,000  turns. 
This  coil  would  have  a  resistance  at  ordinary  temperatures  of  about 
6600  ohms,  and  when  the  iron  core  is  in  it  an  inductance  of  460 
henrys.  The  mutual  induction  between  the  primary  and  secondary 
circuits  would  be  about  2*75  henrys,  and  with  a  primary  current  of 
10  amperes  the  coil  should  give  a  10-inch  spark.  A  smaller  coil 
giving  a  6-inch  spark  would  usually  have  a  primary  circuit  with  a 
resistance  of  0-426  ohm.  and  an  inductance  of  0*013  henry.  The 
secondary  circuit  would  be  wound  with  No.  36  S.W.G.  wire,  which 
would  have  a  resistance  of  9750  ohms  and  an  inductance  of  234 
henrys,  the  mutual  inductance  between  the  primary  and  secondary 
circuit  being  1*5  henrys. 

An  important  matter  in  connection  with  an  induction  coil  to  be 
used  for  creating  electrical  oscillations  is  to  secure  a  sufficiently  small 
resistance  in  the  secondary  circuit.  The  purpose  for  which  the  coil 
is  employed  is  to  charge  a  condenser  of  some  kind. 

If  a  constant  electromotive  force  V  is  applied  to  the  terminals 
of  a  condenser  having  a  capacity  C,  the  condenser  being  placed  in 
series  with  a  wire  of  resistance,  E,  then  the  full  difference  of  potential 
V  is  not  created  between  the  terminals  of  the  condenser  instantly, 
but  the  terminal  potential  difference  rises  up  gradually  and  any  time . 
t  seconds  after  the  contact  is  made,  an  expression  for  its  value,  i\  at 
that  instant  may  be  obtained,  as  follows : — 

Let  i  be  current  at  the  time  t  in  the  inductionless  resistance  E  in 
series  vnth  the  condenser,  than  Ei  is  the  fall  of  potential  down  this 

resistance.    Also  C  tt  is  the  current  through  the  condenser  and  resist- 
ance.    Hence  we  must  have — 

CE^'  +  v  =  Y (22) 

The  solution  of  this  equation  is  — 

r  =  V(l-€~^'^) (23) 

In  the  above  equation  the  letter  €  stands  for  the  number  2*71828, 
the  base  of  the  Napierian  logarithms,  and  E  for  the  resistance  in 
megohms  of  the  v^ire  in  series  with  the  condenser,  of  which  the 
capacity  is  C  microfarads.  This  equation  shows  that  the  potential 
difference  v  of  the  terminals  of  the  condenser  does  not  instantly  attain 
a  value  equal  to  that  of  the  steady  impressed  electromotive  force  V, 
but  that  it  rises  up  gradually.  Thus,  for  instance,  suppose  that  a 
condenser  of  1  microfarad  is  being  charged  through  a  resistance 
of  1  megohm,  by  an  impressed  constant  voltage  of  100  volts,  the 
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equation  shows  that  at  the  end  of  the  first  second  after  contact  the 
terminal  potential  difference  of  the  condenser  will  be  only  63  volts, 
at  the  end  of  the  second  second  86  volts,  and  so  on.  The  gradual 
increase  in  v  with  time  is  shown  by  the  curve  in  Fig.  27.  The 
equation  indicates  that  only  after  an  infinite  time  is  the  terminal 
potential  difference  v  of  the  condenser  plates  equal  to  the  impressed 
electromotive  force  V,  viz.  to  100  volts  in  this  instance.  Since, 
however,  €""  is  an  exceedingly  small  number,  in  ten  seconds  the 
condenser  would  be  practically  charged  with  a  voltage  equal  to  100 
volts.  The  product  CE  in  the  above  equation  is  called  the  tim^-canstani 
of  the  condenser,  and  we  may  say  that  the  condenser  is  practically 
charged  after  an  interval  of  time  equal  to  ten  times  the  time-constant, 
counting  from  the  moment  of  first  contact  between  the  condenser 
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Fio.  27.— Curve  showing  the  Gradual  Rise  in  the  Terminal  Potential  Difference 
of  a  Condenser  with  Time,  under  a  Constant  Impressed  Electromotive  Force 
of  100  volts,  when  a  Condenser  of  1  microfarad  capacity  is  charged  through 
a  resistance  of  1  megohm. 


and  the  source  of  constant  voltage.  The  time-constant  is  to  be 
reckoned  as  the  product  of  the  capacity  C  in  microfarads  by  the 
resistance  of  the  charging  circuit  E  in  megohms.  To  take  another 
illustration.  Supposing  we  are  charging  a  condenser  having  a 
capacity  of  jj^  of  a  microfarad  through  a  resistance  of  10,000  ohms. 
Since  10,000  ohms  is  equal  to  3—  of  a  megohm,  the  time-constant 
would  be  equal  to  -^^  second.  Hence,  in  order  fully  to  charge  the 
above  capacity  through  the  above  resistance,  it  is  necessary  that  the 
contact  between  the  source  of  voltage  and  the  condenser  should  be 
maintained  for  at  least  y^  part  of  a  second. 

We  may  put  the  equation  (23)  in  a  form  more  convenient  for 
calculation. 

J 

^^ .     (24) 


We  have        V  -  r  =  Ve 
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Hence    /  =  RCJlog*  V  -  log*  (V  -  r)}     .     .    .    (25) 
or    /  =  2-3026  RC{log,oV-logio(V-t^)}.     (26) 

This  last  expression  can  be  employed  to  calculate  the  value  of  either 
oi  bhe  four  quantities  v,  R,  C,  or  /,  when  three  of  them  are  given. 

When  an  induction  coil  has  its  secondary  terminals  connected  to 
a  condenser,  we  may  regard  the  electromotive  force  created  in  the 
secondary  circuit  as  acting  through  the  resistance  of  the  secondary 
circuit  to  charge  the  condenser. 

Hence,  in  order  that  the  charging  of  the  condenser  may  be 
achieved  in  the  shortest  possible  time,  it  is  desirable  that  the 
secondary  circuit  of  the  coil  should  have  .as  low  a  resistance  as 
possible,  consistent  with  permissible  cost  of  construction.  This  in- 
volves winding  the  secondary  circuit  with  a  rather  thick  wire.  If, 
however,  we  employ  a  wire  much  larger  in  size  than  No.  34,  or,  at 
the  most,  No.  32,  the  bulk  and  the  cost  of  the  induction  coil  begin  to 
rise  very  rapidly.  Hence^  as  in  all  other  departments  of  electrical 
construction,  the  details  of  the  design  are  more  or  less  a  matter  of 
compromise.  GeneraUy  sj>eaking,  however,  it  may  be  said  that  the 
larger  the  capacity  which  is  to  be  charged,  the  lower  should  be  the 
resistance  of  the  secondary  circuit  of  the  induction  coil. 

It  is  this  fact  which  gives  the  alternating  current  transformer,  as 
usually  made,  an  advantage  over  the  induction  coil  for  the  purposes 
considered,  because  a  transformer  is  merely  an  induction  coil  specially 
constructed  for  a  large  power  output,  and  having  therefore  a  secondary 
circuit  of  relatively  low  resistance. 

In  coils  intended  for  the  production  of  electrical  oscillations,  and 
for  wireless  telegraphy,  the  preservation  of  high  insulation  in  the 
secondary  circuit  is  of  great  importance.  The  insulation  is  then 
subjected  to  strains  far  greater  than  when  the  coil  is  employed  for 
Bontgen  ray  work  or  other  similar  purposes. 

A  large  induction  coil  is  an  expensive  instrument,  but  it  hardly 
ever  retains  for  long  its  pristine  powers  of  spark  production.  This  is 
due  to  some  degree  of  failure  of  internal  insulation,  or  to  surface 
leakage  over  ebonite  surfaces  outside,  which  have  deteriorated  in 
insulating  power  by  exposure  to  light  and  air. 

In  those  cases  where  portability  is  not  a  principal  necessity,  an 
induction  coil  made  with  oU  insulation  may  be  used  and  preserves  its 
insulation  better  than  one  made  in  the  usual  way.  If  the  coil  is 
intended  to  be  used  with  interrupted  continuous  primary  currents,  the 
iron  core  must  be  in  the  form  of  a  straight  bundle  of  iron,  and  not  in 
the  form  of  a  closed  circuit.  Hence  a  so-called  open  magnetic  circuit 
transformer  or  induction  coil  cannot  be  enclosed  in  an  iron  case.  It 
can,  however,  be  placed  in  a  stoneware  jar  or  vessel,  and  the  whole 
coil  can  be  inmiersed  in  insulating  oil.  For  this  purpose  vaseline  oil 
or  heavy  resin  oil  may  be  employed,  provided  it  has  been  perfectly 
freed  from  water  by  heat.  It  is  desirable  to  employ  an  oil  with 
density  greater  than  that  of  water,  and  to  seal  the  jar  as  perfectly  as 
possible.  The  secondary  winding  must  be  in  sections  as  usual,  but 
need  not  be  impregnated  with  paraffin  wax. 

Induction  coils  intended  for  use  on  board  ship  for  wireless  telegraph 
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purposes  require  especially  good  insulation,  and  should  be  so  perfectly 
water-tight  that  the  coil  is  not  injured  by  even  being  put  under  water. 
If  ebonite  covering  ifl||sed  to  enclose  the  coil,  it  should  then  be  over- 
laid with  a  thick  coating  of  paraffin  wax  and  resin. 

Preferably  the  coil  should  be  contained  in  a  teak  box  filled  in 
solid  with  paraffin  wax  and  resin,  in  which  case  it  can  be  screwed  up 
against  a  bulkhead. 

In  the  case  of  coils  worked  with  an  interrupted  continuous  primary 
current,  it  is  necessary  to  place  a  condenser  (called  the  primary  con- 
denser) across  the  point  of  rupture  of  the  primary  circuit,  where  the 
break  spark  occurs  to  reduce  the  spark  and  annul  the  magnetism  of 
the  core  more  suddenly." 

Instrument  makers  generally  determine  by  trial  for  each  particular 
coil  the  proper  size  of  condenser,  and  fix  it  in  a  box  which  supports 
the  coil. 

A  better  plan  is  to  provide  in  a  separate  box  a  condenser  divided 
into  sections,  the  capacity  of  each  section  being  marked  on  it,  so  that 
the  capacity  used  may  be  varied.  The  condenser  generally  consists 
of  sheets  of  well-baked  and  paraffined  bank  post  paper,  alternated  with 
tinfoil  sheets  an  inch  narrower  than  the  paper  but  of  the  same  length. 

In  the  usual  construction  sheets  of  tinfoil  are  placed  alternately 
with  double  or  treble  sheets  of  paraffined  paper  between  them,  and 
the  sheets  of  tinfoil  arranged  to  project  out  alternately  on  one  side 
and  the  other.  The  odd  and  even  sheets  are  then  respectively 
clamped  together. 

The  capacity  of  a  condenser  of  this  kind  may  be  very  roughly 
reckoned  as  equal  to  001  mfd.  per  square  foot  of  effective  tinfoil  surface. 

Considerable  difference  of  opinion  exists  between  coil  builders  as 
to  the  capacity  of  the  condenser  suitable  for  use  with  a  10-inch  coil. 
Some  makers  would  use  a  primary  condenser  of  1*25  mfd.  capacity ; 
others  one  as  small  as  0*5  or  even  0*32  mfd.  for  the  above  size  of 
coil.  Provided  the  capacity  of  the  condenser  is  not  too  small,  it  may 
be  varied  within  somewhat  wide  limits  without  objection,  but  if  a 
platinum  hammer  break  is  employed,  it  is  better  to  err  in  the  direction 
of  using  too  much  rather  than  too  little  capacity.  Even  with  a  6-inch 
coil  having  a  hammer  break,  some  makers  provide  a  primary  condenser 
of  1  mfd.  capacity. 

The  question  of  the  right  primary  capacity  to  employ  with  any 
given  coil  and  break  has  been  investigated  by  Dr.  J.  E.  Ives;  he 
observes  that — 

"  The  optimum  capacity  of  an  induction  coil  is  defined  to  be  that  capacity  which 
if  placed  across  the  break  will  give  the  longest  spark  in  the  secondary  circuit.    It 

"  For  a  theory  of  the  action  of  the  condenser,  the  reader  may  be  referred  to 
the  author's  "Treatise  on  the  Alternate  Current  Transformer,"  vol.  ii.  p.  61, 
where  it  is  suggested  that  the  efficacy  of  the  condenser  may  depend  upon  the 
demagnetizing  action  on  the  core  of  the  electric  osciUations  set  up  in  the  circuit 
of  the  primary  coil  and  condenser  at  the  moment  when  the  condenser  is  thrown 
into  the  circuit. 

For  another  view  of  the  action  of  the  condenser,  the  reader  is  referred  to  a 
very  interesting  paper  by  Lord  Bayleigh,  in  the  Philosophical  Magazine  for 
December,  1901,  ser.  vi.  vol.  2,  p.  681,  **  On  the  Induction  Coil,"  in  which  the  prin- 
cipal, if  not  the  only,  function  of  the  condenser  is  shown  to  be  that  of  quenching 
the  spark  or  arc  at  the  contact  points  when  the  primary  circuit  is  opened. 
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has  also  been  found  by  experiment  to  be  the  least  capacity  that  causes  the 
sparking  at  the  break  to  disappear — if  not  entirely  to  disappear,  to  become  very 
smalL"  " 

Ives  carried  out  experiments  with  a  hand- worked  mercury  break 
in  which  the  primary  current  was  interrupted  by  raising  an  amal- 
gamated copper  wire  out  of  mercury  covered  with  water.  He  calls 
the  copper  wire  the  breaking  pole,  and  found  that  the  optimum 
capacity  was  much  greater  when  the  breaking  pole  is  negative  than 
when  it  is  positive  for  the  same  current  broken. 

His  conclusions  are  that  in  general  the  optimum  capacity  is 
proportional  to'  a  power  of  the  primary  current  greater  than  the 
square  but  less  than  the  cube.  It  depends  very  much  upon  the 
resistance  of  the  connections  leading  to  the  break  and  condenser, 
increasing  with  these  connection  resistances.  It  is  also  to  some 
extent  affected  by  the  inductance  of  the  primary  circuit. 

The  capacity  required  is,  however,  in  a  considerable  degree  deter- 
mined by  the  nature  of  the  break  employed.  It  has  been  shown  that 
the  more  sudden  the  rupture  of  the  primary  circuit,  the  less  the 
capacity  necessary,  and  if  that  break  is  very  sudden,  then  the  addition 
of  a  condenser  across  the  rupture  point  is  not  necessary. 

Professor  J.  Trowbridge  has  described  an  effective  form  of  quick 
motor  break  for  large  coils,  in  which  the  interruption  is  caused  by 
withdrawing  a  stout  platinum  wire  from  a  dilute  solution  of  sulphuric 
acid,  and  by  this  means  he  increased  the  length  of  spark  given  by  a 
coil  originally  provided  with  a  hammer  break  and  condenser  from 
15  to  30  inches  by  using  the  liquid  break  and  no  condenser.  ^^ 

Lord  Rayleigh  has  also  shown  that  if  the  interruption  of  the 
primary  circuit  is  extremely  sudden,  as  when  it  is  severed  by  a  bullet 
from  a  gun,  the  primary  condenser  can  be  removed,  and  yet  the 
sparks  obtained  from  the  secondary  circuit  are  actually  longer  than 
those  obtained  with  a  condenser  and  the  ordinary  hammer  break.'® 

In  the  use  of  the  coil  with  any  ordinary  break,  except  the  Wehnelt 
(see  next  section),  a  condenser  of  suitable  capacity,  joined  across  the 
break  points,  increases  the  secondary  spark  length.  For  .additional 
information  on  this  subject  the  reader  is  referred  to  the  following 
papers — 

T.  Mizuno,  "On  the  Function  of  the  Condenser  in  an  Induction  Coil,"  Phil. 
Mag.,  1898,  vol.  45,  p.  447. 

K.  B.  Johnson,  **  On  the  Theory  of  the  Condenser  in  an  Induction  Coil,"  Phil. 
Mag.,  1900,  vol.  49,  p.  216. 

R.  Beattie,  "  The  Spark  Length  of  an  Induction  Coil,"  Phil.  Mag.,  1900, 
vol.  50,  p.  199. 

On  the  whole,  it  cannot  be  said  that  the  information  is  yet  very 
precise  on  the  subject  of  the  size  of  condenser  or  capacity  to  be  used. 

*•  See  "Contributions  to  the  Study  of  the  Induction  Coil,"  by  J.  E.  Ivoa, 
Physical  Review,  vol.  xiv.  No.  5,  May- June,  1902  ;  also  vol.  xv.  No.  1,  July,  1902. 
Also  J.  E.  Ives,  "  On  the  Law  of  the  Condenser  in  the  Induction  Coil,"  Phil. 
Mag.,  October,  1908,  ser.  vi.  vol.  6,  p.  411. 

"  See  Prof.  J.  Trowbridge,  "  On  the  Induction  Coil,"  Phil,  Mag.,  April,  1902, 
ser.  vi.  vol.  8,  p.  898. 

"  See  Lord  Rayleigh,  "On  the  Induction  Coil,"  Phil.  Mag.,  December,  1901, 
ser.  vi.  vol.  2,  p.  581. 
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It  varies  with  many  factors,  and  hence  the  necessity  for  providing  the 
coil  with  a  primary  condenser  of  variable  capacity  for  use  in  dififerent 
experiments. 

In  induction  coils  by  some  makers,  the  primary  circuit  is  woimd 
in  sections  and  the  ends  of  each  brought  out  in  such  a  manner  that 
the  various  sections  can  be  joined  in  series  or  parallel,  so  as  to  vary 
the  resistance  and  inductance  of  the  coil,  as  weU  as  the  effective 
number  of  turns. 

An  ingenious  arrangement  of  this  kind  is  placed  on  coils  by  K. 
Schall,  in  which  the  various  primary  circuits  have  their  ends  con- 
nected to  brass  plates,  and  by  sliding  into  a  grove  an  ebonite  piece 
with  brass  plates  upon  it  these  serve  to  effect  the  required  arrange- 
ments and  connection.  The  diagram  in  Fig.  28  shows  the  end  of  the 
ebonite  tube,  containing  the  primary  coils,  and  also  the  connecting 


Fig.  28.— End  of  Primary  Coil  Tube  of  an  Induction  Coil  by  K.  Schall. 

plates  which  are  slipped  in  to  effect  various  combinations  of  the 
different  primary  circuits,  so  as  to  put  them  (1)  all  in  series,  (2)  all  in 
parallel,  or  (3)  in  series-parallel  in  various  ways. 

In  making  an  estimate  of  the  value  of  a  coil  for  wireless  telegraph 
purposes,  or  for  the  production  of  electric  oscillations,  the  experi- 
mentalist should  not  be  guided  merely  by  external  appearance  or  even 
by  the  length  of  spark  given  between  pointed  terminals  in  air. 

The  resistance  of  the  secondary  circuit  should  be  ascertained,  and 
enquiry  made  into  the  power  of  the  coil  to  give  a  good  oscUlatory 
spark  of  at  least  1  cm.  in  length  when  the  secondary  terminals  are 
connected  to  a  condenser  having  a  capacity,  say,  of  ^h  ^f^- 

A  very  fair  way  to  judge  the  value  of  a  coil  for  this  particular 
purpose  is  to  ascertain  what  length  of  secondary  spark  it  will  give 
between  brass  balls  1  cm.  in  diameter  when  these  balls  are  connected 
to  the  two  poles  of  a  glass  plate  condenser  having  a  capacity  of  J5  mf d. 
The  spark  should  be  at  least  5  mm.  in  length. 
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A  coil  of  the  ordinary  type,  giving  a  10-inch  spark  in  air  between 
pointed  conductors,  will  not  give  much  more  than  a  6-  or  7-mm. 
spaxk,  even  if  as  much,  when  the  secondary  terminals  are  joined  to 
the  plates  of  glass  condensers  having  a  capacity  of  ys  ™^^' 

When  it  is  desired  to  obtain  the  advantages  of  a  very  low  secondary 
resistance  to  charge  large  condensers,  and  thus  obtain  a  longer  oscil- 
latory spark  than  can  be  obtained  with  one  coil,  two  induction  coils 
may  be  used  with  their  secondary  circuits  joined  in  parallel  and  their 
primary  coils  joined  in  series.  In  this  case  only  one  hammer  break  is 
employed,  and  the  condensers  of  both  coils  are  joined  in  parallel  across 
the  break.  This  can  always  be  done  when  the  ends  of  the  primary 
coil  are  accessible. 

To  aid  the  experimentalist  in  making  these  connections,  we  give 
below  a  diagram  (see  E^g.  29)  which  shows  the  usual  mode  of  con- 
necting up  the  various  parts  of  an  ordinary  induction  coil  of  the 
usoal  pattern  with  hammer  break.  This  applies  to  the  coils  made  by 
English  makers  such  as  Apps,  Newton,  Marconi's  Wireless  Telegraph 
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Fio.  29. — Diagram  showing  the  Usual  Connections  of  an  Induction  Coil. 

Company,  Ltd.,  and  others  who  follow  the  same  pattern.  The  diagram 
represents  part  of  the  base  board  of  the  coil,  and  the  dotted  lines  show 
the  wire  connections  which  are  made  in  the  base-board  box. 

The  board  generally  has  on  it  two  terminals  at  one  side  marked  P 
and  N  (see  Fig.  29).  To  these  the  working  battery  is  attached,  a  fuse 
wire,  F,  being  interposed ;  also,  as  above  stated,  an  ammeter  and  a 
Morse  key  when  the  coil  is  used  for  wireless  telegraphy.  The  end  of 
the  iron  core  of  the  coil  is  represented  by  I,  and  the  hammer  break  by 
H.  The  platinum  terminals  between  which  the  rupture  of  the  primary 
circuit  takes  place  are  represented  by  T.  On  the  other  side  are  seen 
four  terminals  marked  Oi,  Cj,  C,,  Cj.  The  two  pairs  Ci,  Cj  and  Ca,  Cg 
are  generally  connected  by  small  brass  pins,  p,  p,  ending  in  ivory 
knol^.  To  one  pair  Ci,  Cj  are  connected  the  plates  of  the  primary 
condenser  C.  If  the  pinsj?,  ^  are  withdrawn,  then  the  condenser  C 
is  isolated.  Beyond  are  two  other  terminals  marked  coil.  These  are 
the  ends  of  the  primary  coil  of  the  induction  coil.  The  current  reverser 
is  marked  B.  The  connections  under  the  base  are  denoted  by  dotted 
lines.    If  it  is  desired  to  work  the  coil  with  the  usual  hammer  break, 
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all  that  has  to  be  done  is  to  connect  a  working  battery  of  the  right 
size  and  number  of  cells  to  the  terminals  P  and  N,  and  then  adjust 
the  break  and  throw  over  the  reverser  handle  to  one  side  or  the  other. 

If,  however,  it  is  desired  to  use  some  other  break,  then  the  pins  p,  p 
must  be  withdrawn  and  the  required  break  connected  in  series  with 
the  battery  used  and  with  the  primary  coil.  The  terminals  T  must 
then  be  kept  open  by  inserting  a  wooden  wedge  between  them. 

Separate  wires  must  then  be  brought  from  the  condenser  terminals 
to  the  opposite  sides  of  the  particular  break  used,  so  that  when  the 
circuit  is  opened  the  condenser  C  is  thrown  across  the  break  point. 
If  coils  have  to  be  used  in  series,  then  the  mode  of  arranging  the 
connections  can  easily  be  worked  out  from  the  diagram  of  connections 
in  Fig.  29. 

The  coils  used  for  Rontgen  ray  work,  and  also  for  wireless  tele- 
graphy, are  now  often  constructed  without  breaks  and  condensers 
on  the  same  base  board,  and  are  intended  to  be  used  with  some  form 
of  separate  break  (see  section  10  of  this  chapter),  and  a  separate 
condenser  of  a  capacity  suitable  for  the  voltage  and  primary  coil 
employed. 

A  practical  precaution  which  it  is  advisable  to  adopt  when  working 
an  ordinary  pattern  induction  coil  off  secondary  cells  as  a  source  of 
primary  electromotive  force  is  to  insert  a  fuse  wire  in  between  the 
cells  and  the  battery.  If  the  hammer  break  sticks,  as  it  often  does, 
then  the  secondary  cells  send  a  large  current  through  the  contact, 
and  .this  often  welds  the  platinum  contacts  together.  The  use  of  a 
fuse  wire  or  other  form  of  cut-out  may  prevent  damage  to  the  break. 
It  is  always  desirable  to  insert  also  an  ammeter  in  the  primacy  circuit, 
and  also  a  voltmeter  across  the  terminals  of  the  battery  to  show  the 
current  and  voltage  acting  on  the  primary  circuit. 

9.  Transformers  for  generating  Eleotrio  Oscillations.— When 
alternating  current  is  available,  an  alternating  current  transformer 
can  be  used  advantageously  for  producing  electric  oscillations  in  place 
of  an  induction  coil  operated  by  continous  currents.  An  ordinary 
induction  coil  can  also  be  employed  as  an  alternating  current  trans- 
former, if  its  condenser  and  break  is  removed  and  the  primary  circuit 
supplied  w^ith  an  alternating  current.  The  frequency  of  the  primary 
current  employed  should  not  exceed  50  periods  per  second,  and  it  is 
better,  if  possible,  to  work  with  a  much  lower  frequency,  say  26  to 
50  periods  per  second. 

If  continuous  current  is  available  which  can  be  drawn  from  supply 
mains,  from  a  private  electric  lighting  circuit,  or  public  town  supply, 
then  we  may  employ  it  to  drive  a  motor  generator,  producing  alter- 
nating current  from  a  continuous  current.  The  best  plan  for  so 
doing  is  to  use  an  ordinary  continuous  current  motor  with  an 
armature  of  the  Gramme  ring  type  and  the  usual  commutator.  From 
two  points  at  the  opposite  ends  of  a  diameter  of  the  armature,  con- 
nections are  brouglit  to  two  insulated  slip  rings,  fixed  on  the  shaft  of 
the  motor.  When  a  continuous  current  is  passed  into  the  motor  on 
the  commutator  side  in  the  ordinary  manner,  it  revolves,  and  we  can 
draw  from  brushes  pressing  against  the  slip  rings,  an  alternating 
current,  the  effective  voltage  of  which  is,  however,  less  than  that  of 
the  continuous  current  supplying  the  motor.     Thus,  if  the  motor  is 
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driven  at  a  pressure  of  100  volts  and  makes  1200  revolutions  per 
minute,  we  can,  from  the  slip  rings  so  connected,  draw  off  an  alter- 
nating current  with  an  effective  voltage  of  70  volts  and  a  frequency 
of  20  periods  per  second.  By  the  use  of  a  four-pole  motor,  we  can 
obtain  a  frequency  of  60  when  the  motor  is  driven  at  a  speed  of 
1500  R.P.M. 

The  alternating  current  so  generated  can  be  led  to  an  alternating 
current  transformer  of  the  closed  iron  circuit  type,  and  by  means  of  it 
raised  in  pressure  to  20,000  or  30,000  volts.  A  suitable  form  of  trans- 
former for  this  purpose  is  shown  in  Fig.  30.  Thus  if  the  transformer 
has  a  transformation  ratio  of  400  to  1,  we  can  by  means  of  it  produce 
an    alternating  current  having  an  electromotive  force  28,000  volts 


Fig.  so. — Alternating  Current  Transformer  for  oreating  Electric  Oscillations. 


from  a  continuous  current  supply  at  100  volts.  For  laboratory 
purposes,  a  3-kilowatt  (kw.)  continuous  current  motor,  arranged  as 
described,  associated  with  a  2-kw.  step-up  transformer,  constitutes 
a  very  convenient  arrangement.  In  places  where  a  continuous 
current  cannot  be  obtained  to  drive  the  motor,  it  may  be  driven  as 
a  dynamo  or  alternator  by  means  of  a  pulley  and  belt,  by  a  small 
oil  engine,  thus  making  an  arrangement  which  is  independent  of 
outside  aid. 

It  is  essential  that  the  high  voltage  transformer  should  be  an  oil 
insulated  transformer,  if  pressures  are  employed  higher  than  20,000 
volts,  and  particularly  if  the  transformer  is  used  in  a  place  which  is  at 
all  damp. 

When  pressures  higher  than  30,000  volts  have  to  be  employed. 
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it  is  better  to  join  a  number  of  separate  transformers  in  series.  Thus, 
for  instance,  to  obtain  alternating  current  at  a  pressure  of  120,000 
volts,  four  transformers  of  30,000  volts  or  six  of  20,000  volts  can  be 
arranged  with  their  secondary  coils  in  series.  In  this  case,  all  the 
transformers  must  be  exceedingly  well  insulated  by  being  placed  on 
stands  supported  on  strong  porcelain  oil  insulators.  In  experimenting 
with  alternating  currents  of  very  high  pressures,  supplied  by  trans- 
formers and  alternators,  and  used  to  charge  large  condensers,  the 
greatest  precautions  must  be  taken  to  avoid  accidents  or  touching 
a  high-tension  wire,  as  the  result  would  in  all  probabihty  be  fatal. 
The  experimentalist  should  himself  have  control  over  the  current 
exciting  the  transformers  or  exciting  the  alternator  supplying  them, 
and  should  disregard  no  precaution  necessary  to  ensure  safety. 
Means  should  also  be  taken  to  ascertain  the  frequency  of  the  current. 
This  can,  of  course,  be  done  at  once  by  counting  the  revolutions  of  the 
alternator  or  motor,  but  if  the  supply  of  alternating  current  is  obtained 
from  a  distance,  then,  in  addition  to  the  voltmeters  and  ammeters, 
necessary  to  show  the  current  going  into  the  transformers  and  the 


Fig.  31. — Hartmann  and  Braun  Resonance  Frequency  Meter. 

pressure  at  which  it  is  supplied,  a  frequency  meter  ought  to  be 
provided. 

One  well-known  form  of  frequency  indicator  is  that  due  to 
Mr.  Campbell,  which  was  developed  from  a  principle  first  suggested 
in  1889  by  Professors  Ayrton  and  Perry.  This  instrument  depends 
upon  the  fact  that  if  a  light  steel  elastic  strip  is  fixed  over  an  alter- 
nating current  electro-magnet,  the  strip  will  be  set  into  strong 
vibration  if  the  frequency  of  the  alternating  current  agrees  with  the 
time  period  of  vibration  of  the  strip.  In  the  Campbell  Frequency 
Teller  a  steel  strip  is  pushed  forward  through  a  clamp  by  means  of  a 
rack  and  pinion,  the  pinion  carrying  an  indicating  needle  which  moves 
over  a  scale.  An  alternating  current  electro- magnet  is  placed  under 
the  strip,  and  the  time  period  of  vibration  of  the  strip  can  be  varied 
within  certain  limits  by  altering  the  length  of  the  strip  which  protrudes 
beyond  the  clamp.  As  long  as  the  time  period  of  the  spring  is  out  of 
agreement  with  that  of  the  magnet  current  the  spring  hardly  vibrates 
at  all,  but  if  the  pinion  is  turned  until  agreement  is  produced,  the 
strip  vibrates  vigorously,  and  striking  against  a  contact  point,  makes 
a  loud  noise. 
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Many  other  forms  of  frequency  teller  have  been  developed  for 
practical  use  in  connection  with  transformer  working,  but  they  nearly 
all  depend  upon  the  principle  above  explained. 

Another  form  of  such  resonance  frequency-teller,  by  Hartmann  and 
Braun,  of  Frankfort-am-Main,  is  illustrated  in  Fig.  31.  In  this  instru- 
ment a  number  of  musical  reeds  such  as  are  used  in  organ-pipes  or 
harmoniums  are  fixed  in  a  row.  Each  reed  is  tuned  to  a  particular 
frequency,  and  the  whole  number  comprise  a  range  of  frequency 
extending,  say,  from  SO^n*  to  110^.  These  reeds  are  fixed  in  a  frame, 
and  opposite  to  them  slides  an  electro-magnet,  the  coils  of  which  are 
traversed  by  the  current  the  frequency  of  which  is  to  be  measured. 
The  reeds  are  made  of  steel  spring,  and  hence  the  periodic  magnetic 
field  of  the  magnet  sets  them  in  motion.     Hence  if  the  alternating 


Fig.  32.— Apparatus  for  producing  High  Tension  and  High  Frequency  Discharges. 

(Elihu  Thomson.) 

current  magnet  is  moye3  along  the  row  of  reeds,  when  it  comes 
opposite  to  a  reed  the  natural  period  of  which  agrees  with  the 
frequency  of  the  current  in  the  magnet,  this  reed  will  be  set  in 
vigorous  vibration  and  emit  a  sound,  but  other  reeds  will  be  silent. 
Hence  from  the  marking  above  each  reed  the  frequency  becomes  at 
once  known.  A  similar  resonance  frequency  indicator  has  been 
devised  by  Frahm. 

A  very  compact  form  of  apparatus  for  producing  high-pressure  high 
frequency  oscillations,  employing  a  motor  and  transformer  as  above 
described,  was  some  years  ago  described  by  Professor  Elihu  Thomson. 
The  following  is  a  description  of  this  apparatus :  '^  A  small  continuous 

"  Bee^The  Electrician^  1889,  vol.  43,  p.  779;  also  The  Electrician,  vol.  44, 
p.  40.  See  Prof.  Elihu  Thomson  on  *'  Apparatus  for  obtaining  High  Frequencies 
and  Pressures." 
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current  electric  motor  has  in  addition  to  its  ordinary  commutator  a 
pair  of  slip  rings  on  the  shaft  and  brushes  pressing  against  them. 
When  the  motor  is  run  in  the  usual  way  by  continuous  current,  it 
produces  an  alternating  current  at  the  sUp-ring  brushes.  A  step-up 
transformer  is  connected  to  these  brushes  and  raises  the  pressure  to 
20,000  volts.  The  shaft  of  the  motor  drives  also  an  insulating  frame 
with  metal  contact  pieces  on  it,  the  function  of  which  is  to  connect 
together  alternately,  in  series  or  parallel,  a  set  of  glass  condenser 
plates,  covered  with  tinfoil  (see  Fig.  32).  These  plates  are  charged 
once  in  each  revolution  with  the  secondary  terminal  voltage  of  the 
transformer,  but  the  contact  only  endures  for  a  short  time,  during 


Fig.  83.— Belt-coupled  Oil  Engine  and  Alternator  for  the  Production  of  Electric 
Oscillations  and  High  Frequency  Currents. 

which  the  potential  has  its  maximum  value.  During  the  next  part  of 
a  revolution,  the  condenser  plates  are  insulated  and  connected  in 
series  and  caused  to  discharge  across  a  spark  gap.  By  employing  in 
this  way  eleven  condenser  plates,  each  one  charged  at  20,000  volts,  a 
machine  was  constructed  which  gave  12-inch  sparks  in  air  having  all 
the  properties  of  sparks  from  an  electrostatic  machine.  These  dis- 
charges, if  the  spark  gap  was  small  enough,  would  be  oscillatory 
discharges. 

For  some  years  past  the  author  has  possessed  in  his  laboratory  a 
transformer  plant  for  producing  high  frequency  oscillations.  This 
consists  of  a  4-pole  continuous  current  motor  and  driven  at  a  speed 
of  1200  R.P.M. ;  the  motor  is  provided,  as  described  above,  with  a 
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Giamme  ring  armature,  and  slip  rings  connected  to  two  opposite 
points  on  it,  hence  the  machine  produces  alternating  current  at  a 
frequency  of  40.  This  is  passed  through  two  transformers  arranged 
in  cascade,  the  first  of  which  steps  up  the  voltage  from  about  70  to 
400,  and  the  second  from  400  to  about  24,000  volts.  The  secondary 
tenninals  in  this  last  transformer  are  connected  to  a  large  glass  plate 
condenser,  the  capacity  of  which  can  be  varied  between  ^  and  -^  mf  d. 
The  alternating  current  motor  is  5-kw.  size,  and  the  two  transformers 
2-kw.  size.  The  arrangement  is  capable  of  producing  very  powerful 
electric  oscillations  in  suitably  arranged  circuits.  A  very  compact 
plant  can  also  be  formed  by  employing  a  small  oil  engine  to  drive  an 
alternator  belt  coupled  to  it  and  associating  with  the  alternator,  as 
described,  a  step-up  high-tension  transformer.  This  forms  a  portable 
arrangement  for  producing  the  necessary  electric  oscillations  for 
wireless  telegraphy,  when  the  power  required  is  beyond  that  capable 
of  being  given  by  an  ordinary  induction  coil  (see  Fig.  33). 
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Fig.  84. — Arrangement  of  Power-plant  for  the  Production  of  Electric  OsoillationB 
and  fUectric  Waves.  O,  oil  engine ;  A,  alternator ;  T,  transformer ;  S,  spark 
balls ;  G,  condenser ;  L,  inductance ;  p,  9,  oscillation  transformer ;  a,  antenna 
or  radiator ;  B,  battery  for  exciting  alternator  fields ;  K,  kej. 


In  Fig.  34  is  shown  in  outline  the  disposition  of  apparatus 
necessary  for  such  a  transmitter  for  generating  trains  of  controlled 
oscillations  in  an  earthed  antenna  or  aerial. 

10.  Intermptero  for  Induction  Coils. — When  a  continuous 
current  is  employed  to  actuate  an  induction  coil,  it  is,  of  course, 
necessary  to  interrupt  the  primary  current  periodically,  in  order  to 
create  an  electromotive  force  in  the  secondary  circuit.  An  important 
adjunct,  therefore,  of  the  induction  coil  is  the  interrupter  or  break 
for  intermitting  the  primar}'^  current.  We  may  divide  interrupters 
into  five  classes : — 

1.  Hammer  interrupters. 

2.  Dipper  interrupters. 

3.  Motor  interrupters. 

4.  Turbine  or  jet  interrupters. 

5.  Electrolytic  interrupters. 
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We  have  first  the  well-known  hammer  interrupter,  which  Conti- 
nental writers  generally  attribute  to  Neef  or  Wagner  *  In  this 
interrupter,  the  magnetization  of  the  iron  core  of  the  coil  is  caused 
to  attract  a  soft  iron  block  fixed  at  the  top  of  a  brass  spring,  and 
by  so  doing  to  interrupt  the  primary  circuit  between  two  platinunci 
contacts.  Mr.  Apps  added  an  arrangement  for  pressing  back  the 
spring  against  the  back  contact,  and  the  form  of  hammer  break  that 
is  now  generally  employed  is  therefore  called  an  Apps  break  (see 
Fig.  36). 

As  the  10-inch  coU  takes  a  current  of  10  amperes  at  16  volts 
when  in  operation,  it  requires  very  substantial  platinum  contacts  to 

stand  this  current  continuously 
without  damage.  The  small 
platinum  contacts  that  are 
generally  put  on  these  coils 
by  most  instrument  makers 
are  very  soon  worn  out  in  prac- 
tical wireless  telegraphy  work. 
If  a  hammer  break  is  used  at 
all,  it  is  essential  to  make  the 
contacts  of  substantial  pieces 
of  platinum,  at  least  6  mms. 
in  diameter,  and  from  time  to 
time,  as  they  get  burnt  away 
or  roughened,  they  must  be 
smoothed  up  with  a  fine  file. 
It  does  not  require  much  skill 
to  keep  the  hammer  contacts 
in  good  order  and  prevent  them 
from  sticking  together  and  be- 
^  coming  damaged  by  the  break 
■*   spark. 

By  regulating  the  pressure 
of  the  spring  against  the  back 
contact,  by  means  of  the  ad- 
justing screw,  the  rate  at  which 
the  break  vibrates  can  be  adjusted  to  make  from  10  to  60  or  60 
interruptions  a  second.  The  hammer  break  is  usually  operated  by 
the  magnetism  of  the  iron  core  of  the  coil,  but  for  some  reasons  it 
is  better  to  separate  the  break  from  the  coil  altogether,  and  to  work 
it  by  an  independent  electro-magnet,  which,  however,  may  be  excited 
by  a  current  from  the  same  battery  supplying  the  induction  coil.  For 
coils  up  to  the  10-inch  size  the  hammer  break  is  sufficiently  good 
when  very  rapid  interruptions  are  not  required.  It  is  not  in  general 
practicable  to  work  coils  larger  than  the  10-inch  size  with  a  hammer 
break,  as  such  a  platinum  contact  becomes  overheated  and  sticks  if 
more  than  10  amperes  is  passed  through  it.  In  the  case  of  larger 
coils,  we  must  therefore  employ  some  form  of  interrupter  in  which 
mercury  or  a  conducting  liquid  forms  one  of  the  contact  surfaces. 

<•  Du  Moncel  states  that  MacGauley  of  Dublin  independently  invented  the 
form  of  hammer  break  as  now  used.  See  J.  A.  Fleming,  "  The  Alternate  Current 
Transformer,"  vol.  2,  chap.  1. 


Fig.  85.- 


-Apps'  Hammer  Break  for  the 
Induction  Coil. 
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On  account  of  its  simplicity  and  ease  of  management,  however,  the 
hammer  hreak  is  still  much  used  in  induction  coUs  employed  in  wire- 
less telegraphy. 

The  second  class  of  interrupter  is  the  self-acting  or  hand-worked 
dipper  break,  in  which  a  platinum  or  steel  pin  is  made  to  plunge  in  and 
out  of  mercury.  This  movement  may  be  efifected  by  the  attraction  of 
an  iron  armature,  by  an  electro-magnet,  by  the  varying  magnetism  of 
the  core  of  the  coil,  or  it  may  be  effected  slowly  by  hand  or  rapidly 
by  an  electric  motor. 

The  mercury  surface  must  be  covered  with  water,  alcohol,  parafl&n, 
or  creosote  oil,  to  prevent  oxidation  and  to  extinguish  the  break  spark. 
The  interruption  of  the  primary  current  obtained  by  the  mercury 
dipper  break  is  more  sudden  than  that  obtained  by  the  platinum 
contact  in  air,  at  least  when  the  mercury  is  covered  with  oil,  in  con- 
sequence of  the  more  rapid  extinction  of  the  spark ;  hence  the  sparks 
obtained  from  coils  fitted  with  mercury  dipper  interrupters  are  generally 
from  20  to  30  per  cent,  longer  than  those  obtained  from  the  same 
coil  under  the  same  conditions  with  platinum  contact  interrupters. 
The  mercury  must  be  cleaned  at  regular  intervals  by  emptying  off  the 
oil  or  alcohol  and  rinsing  the  metal  well  with  clean  water,  and  hence 
they  require  rather  more  attention  than  platinum  interrupters.  The 
mercury  interrupter  has,  however,  the  advantage  that  the  contact 
time  during  which  the  circuit  is  kept  closed  may  be  made  longer  than 
is  the  case  with  the  hammer  break.  Also  if  fresh  water  is  allowed 
to  flow  continuously  over. the  mercury  surface,  it  can  be  kept  clean, 
and  the  break  will  then  operate  for  considerable  periods  of  time 
without  attention. 

The  hammer  or  platinum  contact  interrupter  will  not  work  weU 
with  an  electromotive  force  of  more  than  12  or  16  volts,  because  at 
higher  electromotive  forces  the  break  spark  prolongs  the  decadence  of 
the  primary  current.  Hence,  if  coils  are  worked  on  a  100- volt  circuit 
or  at  higher  voltage,  some  form  of  mercury  break  must  be  employed. 
A  third  kind  of  interrupter  is  called  a  motor  iiUerrupter,  and  of  these 
a  large  number  have  been  invented  in  recent  years.  In  this  inter- 
rupter some  form  of  a  continuously  rotating  electric  motor  is  employed 
to  make  and  break  a  metal  contact  with  mercury  or  other  hquid.  In 
one  simple  form  the  motor  shaft  carries  an  eccentric  which  intermit- 
tently dips  a  platinum  point  into  mercury,  or  else  a  platinum  horse- 
shoe into  two  mercury  surfaces,  making  in  this  manner  an  interruption 
of  the  primary  circuit  at  one  or  two  places.  As  a  small  motor  can 
easily  be  run  at  1200  revolutions  per  minute,  or  20  per  second,  it  is 
possible  easily  to  secure  in  this  manner  a  uniform  rate  of  interruption 
of  the  primary  current  at  the  rate  of  about  20  per  second.  If, 
however,  much  higher  speeds  are  employed,  then  the  time  of  con- 
tact becomes  abbreviated,  and  the  power  of  the  coil  to  charge  the 
capacity  is  diminished. 

One  form  of  motor  interrupter  invented  by  Dr.  Mackenzie  Davidson 
is  illustrated  in  Figs.  36  and  37.  A  box  contains  a  vessel  one-third 
full  of  mercury  and  the  rest  of  the  space  filled  up  with  paraffin  oil. 
In  this  mercury  an  inclined  steel  shaft  dips.  The  shaft  is  rotated  by 
means  of  an  electro-motor  belted  to  it.  The  speed  of  the  motor  can  be 
regulated  by  a  variable  resistance.     The  steel  shaft  carries  at  its  lower 
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end  a  slate  disc  fixed  transversely  to  it.  The  disc  is  of  such  a  size 
that  it  is  only  partly  immersed  in  the  mercury.  The  disc  is  secured 
to  the  shaft  by  a  metal  pin  passing  transversely  through  it,  the  outer 
end  of  the  pin  being  flush  with  the  edge  of  the  disc.  As  the  shaft 
rotates  the  outer  end  of  this  pin  is  alternately  immersed  in  the  mercury 
and  raised  out  of  it,  and  therefore  puts  the  steel  shaft  into  electrical 


Fig.  86.— Mackenzie  Davidson  Motor  Interrupter. 

connection  with  the  mercury  at  intervals,  depending  on  the  speed  of 
rotation  of  the  shaft.  The  inclined  shaft  is  carried  in  metal  bearings, 
which  act  as  an  electrode. 

The  details  of  the  disc  and  pin  and  manner  in  which  contact  is 
made  and  interrupted  by  its  rotation  will  be  understood  from  Fig.  37. 


M 


Fig.  87. — Disc  and  Shaft  of  Mackenzie  Davidson  Interrupter.    A,  shaft ; 
S,  slate  disc  ;  P,  pulley ;  M,  mercury  ;  p^  contact  pin. 

When  the  motor  is  running  slowly  the  interrupter  can  be  used 
with  a  low  electromotive  force,  that  is  to  say,  something  between 
12  and  20  volts,  but  with  a  higher  speed  a  larger  electromotive 
force  can  be  employed  without  danger  of  passing  too  much  current. 
With  an  electromotive  force  of  about  50  volts,  the  interruptions  may 
be  made  so  rapid  that  an  unbroken  arc  of  flame,  resembling  an  alter- 
nating current  arc,  springs  between  the  secondary  terminals  of  the  coil. 
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Mr.  Tesla  has  also  devised  numerous  forms  of  rotating  mercury 
break.  In  one  a  star-shaped  metal  disc  revolves  in  a  box  so  that  its 
points  dip  into  mercury  covered  with  oil  and  make  and  break  contact. 
In  another  form  a  jet  of  mercury  plays  against  a  form  of  toothed 
rotating  wheel. 

For  details  of  these  interrupters  the  reader  must  consult  the  fuller 
descriptions  in  the  Electrical  Worlds  of  New  York,  1898,  vol.  32,  p. 
Ill ;  or  Sdentt  Abstracts,  1898,  vol.  2,  pp.  46  and  457. 

A  fourth  class  of  interrupter  is  called  a  turbine  or  mercury  jet  intej'- 
rupter.  In  this  appliance  a  jet  of  mercury  forced  out  of  a  small 
aperture  by  means  of  a  centrifugal  pump  is  made  to  squirt  against  a 
metal  plat«,  and  the  jet  is  interrupted  intermittently  by  means  of  a 
toothed  wheel  made  of  insulating  material,  rotated  by  the  motor  which 
drives  the  pump.  Otherwise  a  revolving  jet  of  mercury  is  made  to  im- 
pinge intermittently  upon  a  fixed  metal  plate.  The  current  supplying 
the  ooU  passes  through  or  along  this  jet  of  mercury,  and  is  therefore 
rendered  intermittent  when  the  jet  or  metal  plate  revolves.  The 
mercury  is  covered  With  paraffin  oil  or  alcohol  to  preserve  the  mercury 
jet  from  oxidation. 

In  the  case  of  this  interrupter,  the  duration  of  the  contacts,  as  well 
as  a  number  of  interruptions  per  second,  is  under  control,  and  for  this 
reason,  better  results  are  probably  obtained  with  it  than  with  most 
other  forms  of  break. 

A  description  of  a  turbine  mercury  break  devised  by  M.  Max  Levy 
was  given  in  the  EUktrotechnische  Zeiischrift^  October  12,  1899,  vol.  20, 
p.  717  (see  also  Science  Abstracts, 
vol.  3,  p.  63,  Abstract  No.  165), 
as  follows : — 

A  toothed  wheel  made  of  in- 
sulating material  carries  from  6 
to  24  saw-shaped  teeth,  and  can 
be  made  to  rotate  from  300  to 
3000  times  per  minute  by  a 
motor.  The  teeth  of  this  wheel 
interrupt  a  jet  of  mercury  thrown 
by  a  centrifugal  pump  against 
a  metal  plate  (see  Fig.  38). 
Moreover,  by  raising  or  lowering 
the  position  of  the  interrupting 
wheel  by  a  lever  the  duration  of 
the  contact  can  be  varied,  so 
that  it  is  possible  to  regulate  this 
period  without  disturbing  the 
number  of  interruptions  per 
second.  The  pump  and  wheel 
are  contained  in  a  vessel  partly 
full  of  mercury  overlaid  with 
parafifin  oil. 

The  sparks  obtained  from  a  coil  worked  with  a  turbine  interrupter 
are  much  thicker  and  convey  a  greater  electric  quantity  compared 
with  the  sparks  made  by  hammer  breaks.  Also  by  means  of  the 
turbine  break  an  induction  coil  can  be  worked  with  a  higher  voltage 

E 


Fig.  38. — Max  Levy  Mercury  Turbine 
Interrupter. 
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than  is  possible  when  using  a  hammer  break,  and  the  turbine  bre&k 
has  also  the  advantage  of  being  nearly  noiseless  in  use.  By  properly 
adjusting  the  break,  the  appearance  of  the  secondary  sparks  can  be 
varied  from  the  thin  snappy  sparks  given  by  the  hammer  break  to  the 
thick  flame-like  arc  sparlw  given  by  the  electrolytic  break.  The  tur- 
bine break  can  be  adapted  for  any  voltage  from  12  to  250  volts,  and 
the  primary  circuit  cannot  be  closed  before  the  interrupter  is  acting. 

The  chief  drawback  to  its  use  is  that  the  mercury  has  to  be  cleaned, 
at  intervals  if  the  interrupter  is  much  used.  If  alcohol  is  employed 
to  cover  the  mercury  the  metal  need  only  to  be  rinsed  under  a  water 
tap  and  afterwards  dried  with  blotting-paper.  When  paraffin  oil  is 
used  the  cleaning  is  'more  troublesome,  but  is  effected  with  the  help 
of  a  few  ounces  of  sulphuric  acid  in  a  few  minutes.  The  mercury  by- 
use  gets  gradually  resolved  into  a  sort  of  black  mud,  consisting  of 


Fig.  89. — Mercury  Turbine  Interrupter.    (Schall.) 

globules  of  mercury  intermingled  with  oil.  If  the  mud  is  well  shaken 
up  with  a  Httle  strong  sulphuric  acid  this  oily  film  is  removed.  The 
acid  is  then  washed  away  with  fresh  water,  and  clean  metallic  mercury 
remains  behind. 

The  motor  driving  the  centrifugal  pump  can  be  wound  for  any 
voltage,  and  it  is  best  to  have  it  so  arranged  that  this  motor  is  worked 
by  the  same  battery  as  that  which  supplies  the  primary  circuit  of  the 
coil,  the  two  circuits  working  parallel  together.  A  rheostat  can  be 
added  to  the  motor  circuit  to  regulate  the  speed. 

In  Fig.  39  is  shown  a  diagram  of  a  good  form  of  mercury  jet  break 
by  Schall. 

A  centrifugal  pump  causes  a  revolving  jet  of  mercury  to  impinge 
against  a  copper  plate.  The  mercury  is  contained  in  a  glass  vessel, 
and  is  covered  with  paraffin  oil,  so  that  the  jet  of  mercury  takes  place 
in  oil.  The  duration  of  the  contact  can  be  varied  by  an  adjusting 
lever  which  shifts  the  position  of  the  copper  plate. 
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The  motor  driving  it  can  be  wound  for  either  high  or  low  voltage, 
and  in  selecting  a  break  of  this  kind  it  is  necessary  to  determine  the 
choice  of  voltage  by  the  nature  of  the  winding  of  the  primary  circuit 
of  the  induction  coil  used  with  it.  Generally  speaking,  the  maker  of 
the  coU  specifies  this  to  the  purchaser. 

Lastly,  we  have  the  electrolytic  interrupters^  which  were  first  intro- 
duced by  Dr.  Wehnelt,  of  Charlottenburg,  in  the  year  1899,  and 
modified  by  subsequent  inventors.  In  its  original  form  it  consists 
of  a  glass  vessel  filled  with  dilute  sulphuric  acid,  consisting  of  one  part 
of  strong  acid  to  five  or  else  ten  parts  of  water.  This  vessel  contains 
two  electrodes  of  very  dififerent  sizes  ;  one  is  a  large  lead  plate,  formed 
of  a  piece  of  sheet  lead  laid  roimd  the  interior  of  the  vessel,  and  the 
other  is  a  short  piece  of  platinum  wire  projecting  from  the  end  of  a 
glass  or  porcelain  tube  (see  Fig.  40).  The  smaller  of  these  electrodes 
is  made  the  positive,  and  the  large 
one  the  negative.  If  this  electrolytic 
cell  is  connected  in  series  with  the 
primary  circuit  of  the  induction  coil 
(the  condenser  being  cut  out),  and 
supphed  with  an  electromotive  force 
from  40  to  80  volts,  an  electrolytic 
action  takes  place  which  interrupts 
the  current  periodically.  An  enor- 
mous number  of  interruptions  can, 
by  suitable  adjustment,  be  produced 
per  second,  and  the  appearance  of 
the  discharge  from  the  secondary  ter- 
minals of  the  coil,  while  using  the 
Wehnelt  break,  more  resembles  an 
alternate  current  arc  than  the  usual 
disruptive  spark.^ 

At  the  time  when  the  Wehnelt 
break  was  first  introduced,  great  in- 
terest was  excited  in  it,  and  the 
technical  journals  in  1899  were  full 
of  discussions  as  to  the  theory  of  its 
operation.'^ 

The  general  facts  concerning  the  Wehnelt  break  are  that  the 
electrolyte  must  be  dilute  sulphuric  acid  in  the  proportion  of  one  of 
acid  to  five  or  ten  of  water.  The  large  lead  plate  must  be  the  cathode, 
or  negative  pole,  and  the  anode,  or  positive  pole,  must  be  a  platinum 
wire  about  a  millimetre  in  diameter,  and  projecting  1  or  2  mms.  from 
the  pointed  end  of  a  porcelain,  glass,  or  other  acid-proof  insulating 
tube.  The  aperture  through  which  the  platinum  wire  works  must 
be  so  tight  that  acid  cannot  enter,  yet  it  is  desirable  that  the  platinum 

*»  See  Dr.  Wehnelfs  article  in  the  ElektroteclmiscJie  Zeitschrifty  January  20, 
1899. 

^  See  The  Electrician,  1899,  vol.  42,  pp.  721, 728, 731, 732.  and  842 ;  communica- 
tion from  Mr.  Campbell  Swinton,  Prof.  S.  P.  Thompson,  Dr.  Marchant,  the  author, 
and  others.  Also  p.  864  of  same  volume,  for  a  leader  on  the  subject.  Also  p.  870, 
letters  by  M.  Blondel  and  Prof.  E.  Thomson.  See  also  The  Electrician,  1899, 
vol.  43,  p.  6,  extract  from  a  paper  by  P.  Barry,  Comptes  Rcndus,  April  10,  1899. 
See  also  The  Electrical  Review,  February  17, 1899,  vol.  44,  p.  235. 


Fig.  40.— Wehnelt  Electrolytic 
Break. 
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wire  should  be  capable  of  being  projected  more  or  less  from  the 
aperture  by  means  of  an  adjusting  screw.  The  glass  vessel  which 
contains  these  two  electrodes  should  be  of  considerable  size,  holding, 
say,  a  quart  of  fluid,  and  it  is  better  to  include  this  vessel  in  a  larger 
outer  one  in  which  water  can  be  placed  to  cool  the  electrolyte,  as  the 
latter  gets  very  warm  when  the  break  is  used  continuously.  If  such 
an  electrolytic  cell  has  a  continuous  electromotive  force  applied  to  it 
tending  to  force  a  current  through  the  electrolyte  from  the  platinum 
wire  to  the  lead  plate,  we  can  distinguish  three  stages  in  its  operation, 
which  are  determined  by  the  electromotive  force  and  the  inductance 
in  the  circuit.  First,  if  the  electromotive  force  is  below  16  or  20 
volts,  then  ordinary  and  silent  electrolysis   of  the  liquid  proceeds, 


Fig.  41. — Wehnelt  Electrolytic  Interrupter  with  Multiple  Anodes. 

bubbles  of  oxygen  being  liberated  from  the  platinum  wire  and 
hydrogen  set  free  against  the  lead  plate.  If  the  electromotive  force 
is  raised  above  25  volts,  then  when  there  is  no  inductance  in  the 
circuit  the  continuous  flow  of  current  proceeds,  but  if  the  circuit  of 
the  electrolyte  possesses  a  certain  minimum  inductance,  the  character 
of  the  current  flow  changes,  and  it  becomes  intermittent,  and  the  cell 
acts  as  an  interrupter,  the  current  being  interrupted  from  100  to 
2000  times  per  second,  according  to  the  electromotive  force  and  the 
inductance  of  the  circuit.  Under  these  conditions  the  cell  produces 
a  rattling  noise,  and  a  luminous  glow  appears  round  the  top  of  the 
platinum  wire.  Thus,  in  a  particular  case,  with  an  inductance  of 
0004  millihenry  in  the  circuit  of  a  Wehnelt  break,  no  interruption 
of  the  circuit  took  place,  but  with  1  millihenry  of  inductance  in  the 
circuit    and  with   an   electromotive   force   of   48   volts,  the   current 
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became  intermittent  at  the  rate  of  930  per  second,  and  by  increasing 
the  voltage  to  120  volts  the  intermittency  rose  to  1850  a  second. 

Tlie  Wehnelt  break  acts  best  as  an  interrupter  with  an  electro- 
motive force  from  40  to  80  volts.  At  higher  voltages  a  third  stage 
sets  in ;  the  luminous  glow  round  the  platinum  wire  disappears,  and 
it  becomes  surrounded  with  a  layer  of  vapour,  as  observed  by  MM. 
Violie  and  Chassagny;  the  interruptions  of  current  cease,  and  the 
platinum  wire  becomes  red  hot.  If  there  is  no  inductance  in  the 
circuit  the  interrupter  stage  never  sets  in  at  all,  but  the  first  stage 
passes  directly  into  the  third  stage.  In  the  first  stage  bubbles  of 
oxygen  rise  steadily  from  the  platinum  wire,  and  in  the  interrupted 
stage  they  rise  at  longer  intervals,  but  regularly.  The  cell  will 
not,  however,  act  as  a  break  unless  some  inductance  exists  in  the 
circuit. 

In  applying  the  Wehnelt  break  to  the  usual  form  of  induction 
coil,  the  condenser  and  ordinary  hammer  break  are  cut  out  of 
circuit,  and  the  Wehnelt  break  is  placed  in  series  with  the  primary 
coil.  In  some  cases  the  inductance  of  the  primary  coil  alone  is 
sufficient  to  start  the  break  in  operation,  but  with  voltages  above  50 
or  60  it  is  generally  necessary  to  supplement  the  inductance  of  the 
primary  coil  by  an  additional  external  inductance  coil.  The  best 
form  of  Wehnelt  break  for  operating  induction  coils  is  the  one  with 
multiple  anodes  (see  Fig.  41,  also  see  remarks  by  Dr.  Marchant,  in 
The  Electrician,  1899,  vol.  42,  p.  841),  and  when  it  has  to  be  used  for 
long  periods  the  cathode  may  advantageously  be  formed  of  a  spiral  of 
lead  pipe  through  which  cold  water  is  made  to  circulate. 

Another  form  of  electroljrtic  break  was  introduced  by  M.  Simon 
and  by  Mr.  Caldwell.  In  this  a  vessel  containing  dilute  sulphuric 
acid  is  divided  into  two  parts  (see  Fig.  42).  In  the  partition  is  a 
small  hole,  and  in  the  two  compartments  are  electrodes  of  sheet  lead. 
The  small  hole  causes  an  intermittency  in  the  current  which  converts 
the  arrangement  into  a  break.  Mr.  Campbell  Swinton  modified  the 
above  arrangement  by  making  the  partition  consist  of  a  sort  of 
porcelain  test  tube  with  a  hole  in  the  bottom.  This  hole  can  be  more 
or  less  plugged  up  by  a  glass  rod  drawn  out  to  a  point.  The  porcelain 
vessel  contains  dUute  acid,  and  stands  in  a  larger  vessel  of  acid,  and 
lead  electrodes  are  placed  in  both  compartments.  The  current  and 
intermittency  can  be  regulated  by  more  or  less  closing  the  aperture 
between  the  two  regions. 

When  the  Wehnelt  break  is  applied  to  an  ordinary  10-inch  induc- 
tion coil,  and  the  inductance  of  the  primary  circuit  and  the  electro- 
motive force  varied  until  the  break  interrupts  the  current  regularly, 
with  a  frequency  of  some  himdreds  a  second,  the  character  of  the 
secondary  discharge  is  entirely  different  from  its  appearance  with  the 
ordinary  hammer  break.  The  thin  blue  lightning-like  sparks  are  then 
replaced  by  a  thicker  mobile  flaming  discharge,  which  resembles  an 
alternating  current  arc,  and  when  carefully  examined  or  photographed 
is  found  to  consist  of  a  number  of  separate  discharges  superimposed 
upon  one  another  in  slightly  different  positions. 

Several  hypotheses  have  been  suggested  to  explain  the  action  of 
the  break,  but  it  is  not  necessary  to  consider  these  in  detail.  Professor 
S,  P.  Thompson   and   Dr.   Marchant   have   advocated   a  theory  of 
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resonance.^  One  difl&culty  in  explaining  the  action  of  the  break  is 
created  by  the  fact  that  it  will  not  work  if  the  platinum  wire  is  made 
a  cathode. 

Although  the  Wehnelt  break  has  some  advantages  in  connection 
with  the  use  of  the  induction  coil  for  Eontgen  ray  work,  its  utility  as 
far  as  regards  the  production  of  electric  oscillations  and  its  use  in 
electric  wave  telegraphy  is  not  by  any  means  so  marked.  It  has  already 
been  explained  that  in  order  to  charge  a  condenser  of  a  given  capacity 
at  a  constant  voltage  the  electromotive  force  must  be  appUed  for  a 
certain  minimum  time,  which  is  determined  by  the  value  of   the 


Fig.  42.— rSimon  or  Caldwell  Interrupter. 

capacity  of  the  condenser  used  and  the  resistance  of  the  secondary 
circuit  of  the  induction  coil. 

If  the  coil  is  a  10-inch  coil,  and  has  a  secondary  resistance  of,  say, 
6000  ohms,  and  if  the  capacity  to  be  charged  has  a  value,  say, 
of  jjL  mfd.,  then  the  time-constant  of  the  circuit  is  ^^^^  second. 
Therefore  the  electromotive  force  charging  the  condenser  must  be 
maintained  for  at  least  ^l^  second,  so  that  the  condenser  may 
become  charged  to  the  voltage  which  the  coil  is  then  producing. 

In  the  induction  coil  the  electromotive  force  generated  in  the 
secondary  coil  at  the  "  break  "  of  the  primary  current  is  higher  than 
that  at  the   ''make,"   and    the   magnitude   and    duration   of    this 

"  See  The  Electrician,  1899,  vol.  42,  pp.  781  and  841. 
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electromotiye  force,  other  things  being  equal,  depends  upon  the  rate 
at  which  the  magnetism  of  the  iron  core  dies  away.  Its  duration  is 
shorter  in  proportion  as  the  whole  time  occupied  in  the  disappearance 
of  the  magnetism  is  less.  The  Wehnelt  break  does  not  increase  the 
actual  value  or  duration  of  the  electromotive  force  in  the  secondary 
circuit,  but  it  greatly  increases  the  number  of  times  per  second  this 
electromotive  force  is  created.  Accordingly,  it  increases  the  secondary 
discharge  current,  but  not  the  secondary  electromotive  force.  Hence, 
when  employing  an  induction  coil  to  create  electric  oscillations  in  an 
aerial  wire,  and  therefore  to  send  out  trains  of  electric  waves,  the 
nature  of  the  receiver  or  wave  detector  used  determines  whether  the 
use  of  the  Wehnelt  break  is  an  advantage  or  not.  ^  When  using  most 
types  of  wave  detector  which  are  influenced  chiefly  by  the  maximum 
^ue  of  the  wave  train,  and  not  by  the  root-mean-square  value,  the 
increase  in  the  number  of  wave  tftbins  per  second  produces  no  addi- 
tional advantage.  Accordingly,  the  claims  at  one  time  made  for  the 
Wehnelt  break  in  connection  with  wireless  telegraphy  are  not  borne 
out  by  practical  experience. 

It  cannot  be  denied  that  the  platinum-contact  break  and  all  the  forms 
of  mercury  break,  as  well  as  the  Wehnelt  break,  are  somewhat  trouble- 
some to  keep  in  order.  Platinum  contacts  get  rough  and  stick,  and  the 
ordinary  vibrating  break,  though  simple  in  construction,  is  irregular 
in  action.  The  various  forms  of  mercury  break  using  large  quantities 
of  mercury  involve  the  tiresome  process  of  cleaning  the  mercury  at 
short  intervals.  Hence  eflbrts  have  been  made  to  abolish  the  break 
altogether  and  yet  retain  the  advantages  derived  from  the  use  of  con- 
tinuous currents  which  can  be  supplied  by  batteries.  One  of  the  best 
of  these  is  the  Orisson  electrolytic  condenser  arrangement.^  The 
essential  elements  are — 

An  electrolytic  condenser  of  large  capacity  occupying  no  very 
great  space.  This  is  constructed  of  plates  of  aluminium  placed  in  a 
special  electrolyte,  like  plates  in  a  secondary  cell.  The  alternate 
plates  are  connected  together  and  form  the  two  opposed  surfaces  of 
the  condenser.  If  a  current  is  passed  in  one  direction  through  the 
cell  from  one  set  of  plates  to  the  other,  a  current  flows  for  a  short 
time,  but  is  soon  stopped  if  the  E.M.F.  does  not  much  exceed  100  volts. 
This  is  due  to  the  formation  on  the  cathode  plates  of  a  fllm  of  imper- 
vious or  non-conducting  aluminic  hydroxide.  If,  however,  the  direction 
of  the  current  is  reversed,  the  cell  again  becomes  conductive  for  a 
short  time,  and  the  impervious  film  is  transferred  to  the  other  set  of 
plates.  Hence  the  cell  acts  like  a  condenser  of  large  capacity,  and 
one  equivalent  to  100  mfds.  occupies  a  space  of  only  12  inches  by 
12  inches  by  14  inches. 

If  a  sufficiently  large  cell  of  this  kind  is  connected  in  series  with 
the  primary  circuit  of  an  induction  coil,  and  a  steady  E.M.F.  of  100 
^  volts  or  so  applied  to  the  terminals,  a  current  flows  through  the 
'primary  for  a  short  time.  This  current  rises  very  quickly  to  a 
maximum  value  and  then  dies  more  slowly  away.  Hence  it  creates 
in  the  secondary  circuit  two  electromotive  forces  of  very  unequal 
value  and  in  opposite  directions.     Suppose,  then,  that  by  a  special 

^*  This  apparatus  is  supplied  in  England  by  Messrs.  Isenthal  and  Co.,  of 
85,  Mortimer  Street,  London,  W. 
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commutator  the  position  of  the  plates  of  the  electrolytic  condenser 
is  reversed,  another  brief  current  would  flow  through  the  primary 
coil  in  the  same  direction  and  another  pair  of  secondary  electromotive 
impulses  be  created.  This  reversal  of  the  position  of  the  plates  of 
the  condenser  is  effected  by  the  use  of  a  revolving  motor-driven 
commutator.  At  the  moment  when  the  condenser  is  fully  charged 
and  the  current  has  ceased  in  the  primary  coil,  the  condenser  con- 
nection with  the  circuit  can  be  broken  icUhcnU  sparky  and  remade  with 
the  plates  in  a  reversed  direction.  Hence  the  arrangement  sends 
through  the  primary  circuit  of  the  induction  coil  a  rapid  series  of 
•*  pufFs  "  of  electric  current,  and  these  create  secondary  electromotive 


c  - 


Fig.  43. — ArrangGment  of  Grisson  Electrolytic  Condenser  and  Induction  CoU. 
G,  electrolytic  condenser ;  C,  commutator ;  V,  induction  coil. 


forces  which  predominate  in  one  direction.  This  gives  us  exactly  the 
result  we  have  in  the  coil  as  worked  with  the  ordinary  break,  and 
does  it  without  spark.  A  diagram  of  the  connections  is  shown  in 
Fig.  43,  and  the  general  appearance  of  the  condenser  and  commutator 
in  Fig.  43a. 

In  those  researches,  in  which  »very  regular  groups  of  oscillations 
must  be  produced,  this  apparatus  ofifera  a  great  advantage. 

In  another  arrangement,  also  devised  by  Grisson,  an  induction 
coil  with  a  special  form  of  primary  winding  is  employed.  The 
primary  coil  has  three  terminals,  one  at  each  end  and  one  in  the 
centre  of  the  winding.  The  centre  terminal  is  connected  to  one  pole 
of  the  battery,  and  the  other  two  terminals  are  alternately  connected 
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Grisson  Electrolytic  Condenser. 


Grisson  Commutator  for  use  with  Electrolytic  Condenser. 
Fig,  48a. 
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to  the  other  pole  by  means  of  a  revolving  commutator.  The  follow- 
ing operations  then  take  place : — 

(i.)  The  primary  current  flows  through  one-half  of  the  primary 
coil  and  magnetizes  the  iron  core. 

(ii.)  The  current  flows  in  opposite  directions  through  the  two 
halves  of  the  primary  winding,  and  the  core  has  no  resultant  mag- 
netization. 

(iii.)  The  current  flows  through  the  other  half  of  the  primary  wind- 
ing, and  the  direction  of  the  magnetization  of  the  core  is  reversed. 

(iv.)  The  current  again  spUts  and  flows  equally  through  both 
sections  of  the  primary  coil,  and  the  core  is  not  magnetized. 

These  operations  are  rapidly  repeated  in  the  same  order.  The 
result  is,  a  series  of  secondary  currents  are  induced,  which  are  alter- 
nately in  one  direction  and  the  other. 

Condensers  are  placed  across  the  break  gaps  to  quench  the  spark 
and  exalt  the  secondary  electromotive  forces  as  usual. 

These  changes  of  current  direction  are  effected  by  means  of  a 
rotating  commutator,  consisting  of  metal  segments  let  into  the  peri- 
phery of  a  disc  of  insulating  material.  Brushes  press  against  this 
disc,  and  it  is  driven  round  by  an  electric  motor  actuated  by  the 
source  of  current  supply. 

11.  Condensers  for  the  Production  of  Electric  Oscillations.-;- 
The  next  element  to  be  considered  is  the  condenser  in  which,  the  electric 
charge  is  placed,  the  release  of  which  produces  the  high  frequency 
oscillations. 

In  this  connection  we  need  only  consider  the  construction  of 
condensers  suitable  for  very  high  pressures.  The  properties  of 
dielectrics  will  more  particularly  be  discussed  in  the  next  chapter, 
and  we  shall  here  merely  discuss  the  structure  of  high-pressure 
condensers. 

A  condenser  essentially  consists  of  a  pair  of  conducting  surfaces 
separated  by  a  dielectric,  and  the  famiUar  Leyden  jar  presents  itself 
as  an  illustration.  There  are  not  many  soUd  dielectrics  which  are 
capable  of  being  used  for  charging  voltages  reckoned  in  thousands  of 
volts,  and  the  number  available  for  condenser  construction  is  still 
more  Umited  when  questions  of  cost  and  internal  energy  loss  in  the 
dielectric  are  considered. 

Glass  of  certain  compositions,  ebonite,  mica,  and  micanite,  or  mica 
sheets  built  up  with  shellac,  almost  exhaust  the  list  of  solid  dielectrics 
suitable  for  very  high  pressures.  On  the  other  hand,  compressed 
gases  and  also  certain  insulating  liquids  can  be  usefully  employed  as 
dielectrics  in  the  construction  of  high-pressure  condensers.  Deferring 
for  the  present  a  further  consideration  of  dielectric  properties,  it  may 
be  said  that  glass,  micanite,  and  ebonite  constitute  almost  tiie  only 
available  commercial  soHd  dielectrics  for  condenser  construction. 

Of  these,  English  flint  glass  is  by  far  the  best  material  to  use,  com- 
paring either  equal  bulks  or  equal  energy  storing  power,  but  it  is 
brittle  and  liable  to  flaws.  Its  dielectric  constant  is  high  (from  5  to 
10),  but  its  dielectric  strength  is  inferior  to  that  of  good  ebonite  or 
micanite.  Ebonite  has  great  advantages  for  certain  quantitative 
work,  as  its  dielectric  constant  is  constant  for  a  wide  range  of  fre- 
quency.    Micanite  has  greater  dielectric  strength  than  either  glass 
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or   ebonite,    bat    its    dielectric    constant  varies    considerably  with 
frequency. 

A  condenser  is  constructed  by  applying  sheets  of  flexible  metal  to 
the  two  surfaces  of  a  sheet  of  dielectric.  Usually  tinfoil  is  put  upon 
sheets  of  glass  or  ebonite  or  micanite,  or  the  glass  or  ebonite  may  be 
silvered  by  an  electrochemical  process  or  metallic  paint  put  upon  it. 
By  far  the  most  usual  process  is  to  stick  tinfoil  sheets  upon  glass  with 
some  adhesive  such  as  shellac,  varnish,  siccotine,  or  isinglass.  In  the 
construction  of  high-tension  condensers,  no  adhesive  containing  water, 
such  as  gum  or  paste,  should  be  employed,  as  the  water  cannot 
evaporate.  A  thru  shellac  varnish,  made  up  with  absolute  alcohol  or 
anhydrous  methylated  spirit  or  wood  naphtha,  answers  well  for  glass. 
The  tinfoil  sheets  must  be  made  to  adhere  perfectly  to  the  surface  of 
the  dielectric,  and  care  taken  to  exclude  air  bubbles.  It  is  much  more 
difficult  to  secure  good  adherence  between  tinfoil  and  ebonite,  but  the 
shellac  solution  answers  well  with  micanite  as  the  dielectric. 

If  glass  is  used  it  should  be  a  good  quality  of  flint  glass,  and 
shoidd  be  absolutely  free  from  bubbles.  Any  flaw  of  this  kind  is  a 
weak  place  which  sooner  or  later  gives  way. 

In  making  an  ordinary  Leydeu  jar  a  considerable  margin  (at  least 
25  per  cent,  of  the  height)  should  be  left  uncovered  with  tinfoil,  and 
this  bare  dielectric  should  be  well  varnished  with 
anhydrous  shellac  varnish.  The  method  of  secur- 
ing contact  with  the  tinfoil  surfaces  is  important. 
The  outside  coating  of  the  jar  should  be  em- 
braced by  a  brass  strap  with  a  terminal  and 
tightening  screw  (see  Fig  44),  and  the  brass  stem 
should  end  in  a  screw  terminal,  and  should  not 
have  the  ordinary  chain,  but  be  provided  with 
spring  extensions,  which  press  tightly  against  the 
inner  tinfoil  surface.  The  object  is  to  prevent 
any  spark  at  these  contact  places,  which  would 
quickly  pierce  the  glass.  The  jars  so  constructed 
can  easily  be  joined  in  parallel  or  series  by  the 
aid  of  straps  of  thin  sheet  copper  or  stout  copper 
wires. 

The  Leyden   jar  should   have   its   capacity 
marked  on  it,  expressed  in  fractions  of  a  micro-  p,Q  44.-«Leyden  Jar 
farad.     Instrument   makers  still    maintain   the      with  Spring  Clips. 
ahsoid  custom  of  denominating  Leyden  jars  as 
''pint  size,"  "quart  size,"  or  "gallon  size."     The  so-called  pint  size 
has  a  capacity  of  about  ^^  microfarad,  and  the  so-called  gallon  size 
about  -g^  microfarad. 


Glass  Leyden  jars,  as  usually  made,  will  stand  charging  with 
20,000  volts.  Hence  the  energy-storing  capacity  of  the  "  pint  size  " 
(being  equal  of  iCV)  is  about  0*28  of  a  joule  at  this  pressure,  or 
nearly  A  foot-pound.  This  is  a  very  small  storage  compared  with  the 
over-all  bulk  of  the  jar. 

A  more  satisfactory  form  of  condenser  for  many  purposes  may  be 
constructed  by  covering  flat  sheets  of  good  flint  glass  with  tinfoil  on 
both  sides.  The  tinfoU  sheets  should  be  cut  1  inch  smaller  each 
way  than  the  glass  plate.     The  glass  should  be  carefully  selected  and 
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free  from  bubbles  or  flaws,  and  about  iV  ^^  i  ^"^^  (=3  mm.)  in 
thickness. 

The  sharp  edges  should  be  taken  off  with  an  emery  wheel.  The 
tinfoil  is  then  stuck  on  with  shellac  varnish  and  the  margin  of  the 
plate  varnished.  Each  tinfoil  sheet  must  have  a  wide  tinfoil  lug 
attached  to  it,  and  the  lugs  on  opposite  sides  of  the  same  plate  must 
be  at  opposite  comers,  but  at  adjacent  comers  of  neighbouring  plates. 
Plates  should  be  prepared  like  right-  and  left-hand  gloves,  so  that  when 
piled  one  on  the  other  the  lugs  on  the  adjacent  condenser  plates  fall 
upon  each  other  (see  Fig.  45).  In  the  diagram,  for  the  sake  of  clear- 
ness, the  plates  are  shown  as  widely  separated.  In  actuality  they  are 
placed  close  together.  The  coated  plates  should,  however,  be  prevented 
from  coming  into  absolute  contact  by  discs  of  card  stuck  on  to  the  tinfoil 
by  shellac  varnish.  A  pile  of  any  number  of  such  sheets  may  be  made, 
and  when  bound  together  with  silk  tape  may  be  placed  in  a  stone- 
ware or  ebonite  box  which  is  filled  up  with  vaseline  or  double-boiled 
linseed  oil.  The  oil  prevents  electric  discharge  over  the  edges  of  the 
plates.  The  positive  lugs  are  then  all  connected  to  one  terminal,  and 
the  negative  lugs  to  another  terminal  placed  on  the  lid  of  the  box. 


Fia.  46.— Diagram  showing  the  Mode  of  arranging  the  Coafcings  ctf 
Condenser  Plates. 

Glass-plate  condensers  of  the  above  form  can  be  made  without 
oil  insulation  if  the  glass-plate  margin  beyond  the  tinfoil  is  large 
enough,  but  the  use  of  oil  is  essential  for  very  high-tension  work. 

In  some  cases  glass  tubes  are  employed  coated  partly  outside  and 
partly  inside  with  tinfoil.  Test  tubes  sUvered  inside  and  outside  for 
half  their  height  make  very  convenient  small  condensers. 

Thin  glass  has  a  higher  dielectric  strength  than  thick  glass,  and 
hence  nests  of  thin  tubular  glass  condensers  joined  in  series  have 
often  been  employed. 

Moscicki  has  suggested  the  use  of  glass  tubes  made  thicker  at  the 
ends  than  in  the  middle,  and  coated  within  and  without  with  tinfoil  in 
the  middle  portion  as  a  method  of  making  condensers.  (See  Engineer' 
ing,  December  20,  1904,  p.  865.) 

,  An  account  of  Moscicki's  work  will  be  found  in  LEclairage 
Ekdiique  for  October,  1904  (vol.  41,  p.  14) ;  and  also  in  the  Eledro- 
techni^che  ZeUschrift,  Nos.  25  and  26,  June  23  and  30,  1904.  He 
came  to  the  conclusion,  as  the  author  and  others  had  done  long 
previously,  that  glass  was  the  most  suitable  dielectric  for  high-pressure 
condensers,  and  he  employed  it  in  the  form  of  glass  tubes  0*5  mm. 
thick ;  but  these  tubes  were  thickened  up  at  the  ends,  as  otherwise  he 
found  they  were  perforated  at  the  edges  of  the  coatings  by  a  voltage 
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which  the  central  portions  of  the  glass  could  easily  sustain.  These 
glass  tubes  are  coated  with  tinfoil  or  silver  by  deposit,  the  foil  being 
put  on  with  turpentine  and  air  bubbles  carefully  excluded. 

A  condenser  for  a  power  of  05  kilovolt  amperes  is  made  with 
five  tubes  of  glass  of  which  the  diameter  is  3  cms.  and  the  thick- 
ness of  wall  0*5  mm.  These  are  contained  in  a  cylinder  of  glass 
47  cms.  high  and  9  cms.  in  diameter.  The  total  weight  varies 
from  3  to  3-5  kilogs.  (7  to  8  lbs.).  Such  condensers  will  stand  a 
working  pressure  of  20,000  volts.  It  is  claimed  for  these  cylindrical 
condensers  that  they  can  be  operated  at  a  higher  voltage  per  milh- 
metre  of  thickness  of  the  glass  than  flat  plate  condensers,  and  do  not 
fail  or  heat  on  continuous  working,  and  that  with  an  alternating 
current  having  a  frequency  of  50/^  the  dielectric  loss  or  loss  by 
surface  discharge  does  not  exceed  1  per  cent,  of  the  energy-storing 
capacity. 

It  is  well  known  that  in  the  absence  of  flaws  a  plate  condenser 
or  Leyden  jar  is  most  usually  punctured  by  the  electric  strain  at 
some  place  near  the  edge  of  the  tinfoil  where  the  electric  density 
is  greatest.  Moscicki  states  that  a  glass  condenser  plate  is  more 
easily  punctured  at  the  edges  of  the  tinfoil  when  it  is  immersed  in 
insulating  oil. 

For  the  construction  of  condensers  intended  for  very  high  pressures, 
micanite  sheets,  ^  inch  or  2*5  mms.  in  thickness,  may  be  employed 
as  the  dielectric.  To  these  sheets  of  tinfoil  1  inch  smaller  each  way 
may  be  affixed  by  means  of  shellac  varnish,  and  the  coated  plates 
immersed  in  a  stoneware  or  ebonite  box,  filled  with  double-boiled 
linseed  oil.  As  this  oil  does  not  dissolve  shellac,  a  wooden  box,  well 
coated  in  the  interior  and  with  all  joints  covered  with  shellaced  paper, 
may  be  employed  to  hold  the  oil. 

For  quantitative  purposes,  condensers  constructed  of  metal  plates 
placed  in  paraffin  oil  are  to  be  preferred,  since  the  dielectric  constant 
of  paraffin  oil  is  not  like  that  of  glass,  a  function  of  the  frequency 
(see  Chap.  II.).  If  ebonite  is  used  as  the  dielectric  the  difficulty 
is  to  make  the  tinfoil  stick  to  the  ebonite.  The  adhesive  called 
siccotine  or  else  india-rubber  solution  may  be  employed  for  this 
purpose.  The  author  has,  however,  found  that  a  better  plan  is  to 
cut  sheets  of  ordinary  tin-plate  in  pairs  with  right-  and  left-handed 
lugs,  and  pile  these  together  with  sheets  of  ebonite  interposed  on  the 
plan  just  described  for  making  a  glass-plate  condenser.  The  pile  of 
condenser  plates  must  be  strongly  compressed,  bound  together  with 
silk  tape  and  immersed  in  insulating  oil. 

In  some  cases  condensers  of  adjustable  capacity  are  required. 
If  only  small  capacities  are  required,  this  may  be  provided  in  the 
form  of  an  air  condenser  with  flat  plates,  which  can  be  moved  to  or 
from  each  other,  or  the  plates  may  be  immersed  in  some  liquid 
dielectric,  such  as  paraffin  oil  or  turpentine. 

The  most  convenient  form  of  sliding  condenser  consists  of  a  thin- 
walled  cylinder  of  ebonite,  closed  at  the  bottom  and  lined  within  up  to 
an  inch  of  the  top  with  a  closely  fitting  cylinder  of  metal.  The  outside 
of  the  cylinder  of  ebonite  is  also  covered  with  a  closely  fitting  cylinder 
of  metal,  and  the  arrangement  resembles  that  called  a  dissected 
Leyden  jar.     By  drawing  the  outside  cylinder  more  or  less  off  the 
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ebonite  one,  the  capacity  is  reduced,  and  the  capacity  corresponding  to 
various  positions  of  the  outer  cylinder  can  be  marked  on  the  ebonite. 

Another  form  of  condenser  of  adjustable  capacity,  suitable, 
however,  only  for  a  small  range  of  variation  and  for  a  small  capacity, 
is  made  as  follows : — 

In  an  ebonite  box  are  fitted  a  number  of  pairs  of  quadrant-shape^i 
plates,  one  above  the  other.     These  resemble  the  fixed  plates  in   a 
Kelvin  multicellular  electrostatic  voltmeter.    All  these  quadrant  plates 
are  connected  together  and  to  one  terminal  on  the  box.    In  the  centre 
is  a  metal  rod  in  pivot  carrying  a  number  of  paddle-shaped  metal 
plates  which  are  spaced  apart  by  the  same  distance  as  the  fixed 
plates.     The  rod  is  so  held  that  the  plates  on  it  are  interspaced  with 
the  fixed  plates.     The  box  is  filled  with  insulating  oil.     when  the 
movable  plates  are  turned  by  the  rod  so  as  to  be  quite  within  the 
fixed  plates,  they  form  with  these  last  a  condenser  of  which  the  oil 
is  the  dielectric.     When  they  are  turned  so  as  to  be  quite  apart  from 
the  fixed  plates,  the  capacity  is  greatly  reduced.     If  the  rod  carries 
a  pointer  moving  over  a  scale,  the  scale  can  be  calibrated  to  show 
the  capacity  of  the  two  sets  of  plates  with  respect  to  each  other  for 
any  required  positions  of  the  movable  plates.     The  rod  is,  of  course, 
connected  by  some  form  of  spring  or  bearing  contact  with  the  second 
terminal  of  the  instrument. 

In  the  construction  or  selection  of  condensers,  especially  those 
of  large  capacity  for  wireless  telegraph  purposes,  we  have  to  give  due 
weight  to  various  considerations.  We  have  to  consider  questions  of 
durabiUty,  energy  dissipation,  bulk,  and  cost.  The  ordinary  Leyden 
jar  is  simple  and  not  objectionable  where  small  capacities  alone  are 
concerned,  but  its  energy-storing  capacity  is  small  compared  with  its 
bulk,  and  its  use  is  out  of  the  question  when  large  capacities  such  as 
1  or  2  microfarads  are  concerned. 

When  large  condensers  have  to  be  in  continual  use,  the  dielectric 
hysteresis  becomes  important,  and  also  any  tendency  in  the  dielectric 
to  **  age  "  or  become  brittle  by  long  use.  Glass  gives  some  trouble  in 
this  last  respect.  Ebonite  is  too  costly  to  be  used  for  large  capacities, 
and  micanite  has  too  much  dielectric  hysteresis.  Hence  attention 
has  been  recently  directed  to  the  use  of  air  as  a  dielectric. 

Owing  to  the  relatively  small  dielectric  strength  of  air  at  normal 
pressures,  we  are  either  obliged  to  use  very  large  metal  plates  set  far 
apart,  or  else  to  employ  compressed  air  as  the  dielectric. 

Since  the  dielectric  strength  of  air  at  atmospheric  pressure  is  very 
nearly  38,000  volts  per  centimetre  (see  Chap.  II.  §  6),  and  since  a 
factor  of  safety  of  at  least  5  or  6  should  be  used  to  avoid  considerable 
energy  loss  by  brush  discharge,  it  is  seen  that  if  we  wish  to  work  an 
air  condenser  at  a  voltage  of  100,000  volts,  the  plates  must  be  at  least 
20  cms.  apart.  It  will  be  shown  in  the  next  chapter  that  the  capacity 
in  microfarads  of  a  parallel  plate  condenser  of  which  the  plate  diameter 
is  large  compared  with  their  distance  apart  can  be  approximately 
calculated  by  the  formula — 

surface  of  plcUe  in  square  centimetres 
capacity  in  mi/>rofarads  = ^^-^  q-  Wx'd 

where  d  is  the  distance  of  the  parallel  plates  in  centimetres.    If,  then, 
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d  =  20  cms.,  we  should  require  a  total  positive  or  negative  plate 
surface  of  nearly  226  million  square  cms.,  or  22,600  square  metres,  to 
obtain  a  capacity  of  1  mfd.  This  means  that  two  square  plates,  each 
having  a  side  150  metres,  or  nearly  500  feet,  placed  20  cms.,  or  nearly 
8  inches,  apart  in  air  at  ordinary  pressure,  would  have  a  capacity  of 
1  mfd.,  and  would  stand  charging  to  a  pressure  of  100,000  or  even 
300,000  volts  without  sparking  across.  At  100,000  volts  this  con- 
denser would  store  up  5000  joules  of  energy,  or  nearly  4000  foot- 
pounds, and  would  have  a  bulk  of  nearly  170,000  cubic  feet.  This  is 
at  the  rate  of  40  cubic  feet  per  foot-pound  of  stored  energy.  A  glass- 
plate  condenser  for  the  same  capacity  and  voltage  would  not  occupy 
one-hundredth  part  of  the  above  volume. 

The  use  of  compressed  air,  however,  presents  great  advantages. 

The  dielectric  strength  increases  almost  proportionately  to  the 
pressure.  Hence  if,  instead  of  employing  air  at  atmospheric  pressure 
as  the  dielectric,  we  compress  it  to  140  pounds  on  the  square  inch,  it 
attains  a  dielectric  strength  far  greater  than  that  of  glass.  Also  the 
dielectric  constant  is  slightly  increased. 

Moreover,  as  B.  A.  Fessenden  has  shown,  brush  discharges  are 
at  high  air  pressures  almost  abolished.  Accordingly  an  air  condenser 
can  he  advantageously  construated  with  compressed  air  as  dielectric. 

Metal  plates  kept  at  a  small  distance  apart  are  enclosed  in  a  strong 
iron  vessel  in  which  air  can  be  compressed  under  10  or  12  atmo- 
spheres. Thus  Fessenden  states  (see  U.S.A.  Patent,  No.  793,777, 
applied  for  March  30,  1905,  or  The  Ekdridan,  1905,  vol.  55,  p.  796) 
that  in  air  at  175  pounds  pressure  per  square  inch  metal  plates  0*083 
inch  apart  will  withstand  without  sparking  a  voltage  of  27,500  volts. 
At  this  rate  an  air  condenser  of  1  mfd.  capacity  to  stand  100,000 
volte  could  be  contained  in  a  space  of  500  cubic  feet,  and  would  not 
exhibit  ener^  loss  by  electric  brush  discharge  or  dielectric  hysteresis 
to  any  sensible  degree.  It  seems  evident  that  the  use  of  compressed 
air,  or,  better  still,  compressed  nitrogen  or  carbonic  dioxide,  as  a 
di^ectric  for  condensers  will  be  found  to  possess  many  advantages  in 
constructing  high  voltage  condensers  at  reasonable  cost  for  wireless 
telegraph  power  stations. 

12.  Osdllatioii  Transformers. — An  essential  part  of  the  arrange- 
ments for  producing  trains  of  electric  oscillations  by  condenser 
discharge  is  the  inductive  circuit  which  is  placed  in  series  with  the 
condense):.  This  most  frequently  consists  of  one  circuit  of  an  air  core 
transformer,  which  is  called  an  oscillaiion  transformer. 

Two  circuits  are  associated  together  inductively  by  being  wound 
over  one  another  on  some  support,  but  at  the  same  time  well  insulated 
from  each  other.  One  of  these  is  called  the  primary  and  the  other 
the  secondary  circuit.  The  primary  circuit  is  placed  in  series  with  the 
condenser  and  the  spark  ball  discharger,  this  constituting  the  circuit 
in  which  electric  oscillations  are  set  up  by  the  discharge  of  the  con- 
denser. These  oscillations  induce  other  oscillations  called  secondary 
oscillations  in  the  secondary  circuit  of  the  oscillation  transformer,  and 
if  the  secondary  circuit  has  a  larger  number  of  turns  than  the  primary 
circuit,  the  potential  difference  at  the  extremities  of  the  circuit  of  the 
oscillation  transformer  will  be  greater  than  at  the  terminals  of  the 
primary  circuit  in  a  certain  ratio. 
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The  form  which  this  oscillation  transformer  takes  is  dependent 
upon  the  purposes  to  which  the  apparatus  is  to  be  applied.  One  well- 
known  form  of  oscillation  transformer  is  called  a  Tesla  Coil,  and  a 
description  of  this  coil  was  given  by  Mr.  Nikola  Tesla  in  a  lecture 
delivered  some  years  ago  before  the  Eoyal  Institution  in  London  (in 
February,  1892)  as  follows :  **  - 


'IMIU 


Fig.  46.— Tesla  OsoiUation  Transformer.     (Sectional  view.) 

••  The  coil  consists  of  two  spools  of  hard  rubber,  R,  R  rsee  Fig.  46),  held  apart  at 
a  distance  of  10  cms.  by  bolts,  c,  and  nuts,  n,  likewise  of  hard  rubber.  Eacn  spool 
comprises  a  tube,  T,  of  approximately  8  cms.  inside  diameter  and  3  mms.  thick, 
upon  which  are  screwed  two  flanges,  F,  F,  24  cms.  square.  The  secondary,  S,  S,  of 
the  best  guttapercha-oovered  wire,  has  26  layers,  10  turns  in  each,  giving  for  each 


"  See  Nikola  Tesla,  **  Experiments  with  Alternate  Currents  of  High  Potential 
and  High  Frequency,"  Journal  of  the  Institution  of  Elcctri<xil  Engineers,  1892, 
vol.  xxi.  p.  62. 
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half  a  total  of  260  turns.  The  two  halves  are  wound  oppositely  and  connected  in 
series,  the  connection  between  both  being  made  over  the  primary.  This  disposition, 
besides  being  convenient,  has  the  advantage  that  when  the  coil  is  well  balanced — 
that  is,  when  both  of  its  terminals,  T,,  T,,  are  connected  to  bodies  or  devices  of  equal 
capacity — ^there  is  not  much  danger  of  breaking  through  to  the  primary,  and  the 
insulation  between  the  primary  and  the  secondary  need  not  be  thick.  In  using  the 
coil,  it  is  advisable  to  attach  to  both  terminals  devices  of  nearly  equal  capacity,  as, 
when  the  capacity  of  the  terminals  is  not  equal,  sparks  will  be  apt  to  pass  to  the 
primary.  To  avoid  this,  the  middle  point  of  the  secondary  may  be  connected  to 
the  primary,  but  this  is  not  always  practicable. 

"  The  primary  P,  P  is  wound  in  two  parts,  and  oppositely,  upon  a  wooden  spool, 
W,  and  the  four  ends  are  led  out  of  the  oil  through  hard  rubber  tubes,  ^,  t.  The 
ends  of  the  secondary  T,  T,  are  also  led  out  of  the  oil  through  rubber  tubes,  ^i,  f,,  of 
great  thickness.  The  primary  and  secondary  layers  are  insulated  by  cotton  cloth, 
the  thickness  of  the  insulation,  of  course,  bearing  some  proportion  to  the  differ- 
ence of  potential  between  the  turns  of  the  different  layers.  Each  half  of  the 
primary  has  four  layers,  24  turns  in  each,  this  giving  a  total  of  96  turns.  When 
both  the  parts  are  connected  in  series,  this  gives  a  ratio  of  conversion  of  about 
1  : 2-7,  and  with  the  primaries  in  multiple  1  :  6*4 ;  but  in  operating  with  very 
rapidly  alternating  currents,  this  ratio  does  not  convev  even  an  approximate  idea 
of  the  ratio  of  the  E.M.F.*s  in  the  primary  and  secondary  circuits.** 

The  coil  is  placed  in  a  wood  or  ebonite  box,  which  is  filled  with 
double-boiled  linseed  oil  or  highly  insulating  resin  oil,  or  else  with 
ordinary  fluid  high  flash-point  paraffin  oil,  and  the  coil  when  in  place 
must  be  entirely  covered  by  the  oil.  The  coil  is  held  in  position  in  the 
oil  on  wooden  supports,  there  being  about  5  cms.  thickness  of  oil  all 
round.  Where  the  oil  is  not  specially  needed,  the  space  is  filled  with 
pieces  of  wood,  and  for  this  purpose  principally  the  wooden  box  B 
surrounding  the  whole  is  used. 

In  oscillation  transformers  in  which  the  primary  circuit  is  traversed 
by  the  discharge  of  a  condenser  and  a  secondary  circuit  is  inductively 
associated  with  it,  this  latter,  if  in  many  turns,  becomes  the  seat  of 
very  high  electromotive  forces.  In  fact,  diffierences  of  potential 
amounting  to  many  hundreds  of  volts  may  exist  between  adjacent 
turns  of  the  secondary.  Hence,  very  good  insulation  is  required,  and 
it  has  been  found  that  no  form  of  secondary  winding  in  which  layers 
of  wire  are  woimd  over  one  another  or  in  which  the  different  turns  of 
the  wire  are  in  close  contact  will  very  long  withstand  the  electric 
strain  without  failure  of  insulation. 

Hence  one  great  principle  in  the  construction  of  a  high  potential 
high  frequency  induction  coil  or  oscillation  transformer  is  to  wind  the 
primary  and  secondary  circuit  in  single  layers,  the  txims  not  touching. 

This  may  be  achieved  in  the  following  manner.  The  primary 
circuit  consists  of  a  spiral  of  bare  copper  wire,  3  or  4  mms.  in 
diameter,  the  spiral  consisting,  say,  of  20  turns  wound  open  fashion 
round  a  mandril  7  or  8  cms.  in  diameter.  Within  this  spiral  is 
placed  an  ebonite  or  glass  tube,  the  walls  of  which  are  at  least  3  mms. 
thick  and  the  length  25  cms.  or  so.  On  this  glass  or  ebonite  tube 
is  wound  in  one  single  layer  a  much  finer  sUk-covered  wire,  say 
No.  26  S.W.G.  size  =  0-467  mm.  diameter.  The  turns  of  this  wire 
are  prevented  from  touching  each  other  by  winding  a  paraffined  silk 
thread  in  between  them,  or  by  winding  the  wire  in  a  groove  turned 
in  the  cylinder.  This  bobbin  may  be  placed  in  a  glass  or  ebonite  box 
full  of  double-boiled  linseed  oil  or  vaseline  oil  free  from  water.  The 
coil  must  be  entirely  immersed,  and  the  ends  of  the  primary  and 
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secondary  wires  must  be  brought  out  through  glass  or  ebonite  tubes 
which  have  their  lower  ends  well  under  the  oil. 

When  oscillatory  discharges  from  a  condenser  or  Leyden  jar  are 
passed  through  the  thick  spiral,  we  have  long  sparks  or  high  potential 
high  frequency  discharges  from  the  secondary  circuit. 

The  following  is  a  detailed  description  which  has  been  given  by 
Professor  EUhu  Thomson  of  two  oscillation  transformers  of  the  above 
kind.  One  suitable  for  creating  30-inch  sparks  was  made  as  follows : — * 
The  primary  consisted  of  10  turns  of  wire,  made  up  of  two  No.  6 
copper  wires  wound  on  a  wooden  frame.  The  wires  were  wound  side 
by  side  in  notches.  This  coil  or  mandril  was  18  inches  long  and 
15*5  inches  in  diameter.  Its  resistance  was  0*0088  ohms  and  induc- 
tance 00076  millihenrys. 

The  secondary  consisted  of  396  turns  of  insulated  wire,  No.  26 
B.  and  S.  gauge,  wound  as  a  single  layer  in  notches  on  an  ebonite 
frame,  the  wire  turns  being  spaced  apart  so  as  to  form  a  coil  18  inches 
in  length.  The  diameter  of  the  secondary  was  12  inches,  and  it  was 
placed  inside  the  primary.  The  total  length  of  secondary  wire  was 
1250  feet  and  weight  one  pound.  The  resistance  was  41*6  ohms  and 
inductance  25*2  miUihenrys.  These  coils  were  immersed  and  supported 
concentrically  in  a  vat  of  oil,  and  the  secondary  had  its  terminals 
carried  out  through  glass  tubes  to  spark  balls. 

.  Two  condensers  were  provided  for  creating  the  primary  discharges. 
They  consisted  of  two  boxes,  each  7  inches  by  15j^  inches  inside  and 
17i^  inches  deep.  Each  box  contained  84  built-up  mica  sheets,  15 
inches  square  and  0075  inch  thick ;  42  of  these  were  coated  with 
tinfoil  10  inches  by  11  inches  in  area.  The  effective  coated  surface 
of  each  plate  was  110  inches,  and  the  total  surface  4510  square  inches. 
The  capacity  of  each  condenser  was  003  mfd.  Hence  the  two  boxes 
afiEbrded  a  total  capacity  of  0*06  mfd.  When  these  condensers  were 
charged  from  the  high-tension  terminals  of  an  alternating  current 
transformer  at  a  pressure  of  20,000  volts,  and  discharged  across  an 
air  gap  through  the  primary  circuit  of  the  above-described  oscillation 
transformer,  oscillatory  high  frequency  sparks  30  inches  in  length 
passed  between  the  terminals  of  the  secondary  circuit. 

An  oscillation  transformer  giving  64-inch  sparks  was  made  as 
follows : — 

The  primary  coil  consisted  of  15  turns  of  double  No.  6  S.W.G. 
copper  wire,  the  length  being  85  feet  of  wire  double  wound  in  an 
open  coil  28  inches  in  length  and  22  inches  in  diameter.  The 
resistance  of  this  primary  circuit  was  0*0147  ohms  and  inductance 
0*09  of  a  millihenry. 

The  secondary  bobbin  was  28  inches  long  and  17  inches  in 
diameter,  and  was  placed  inside  the  primary  coil.  The  wire  was 
No.  26  S.W.G.  size,  about  2*25  lbs.  in  weight  and  2600  feet  in  length, 
and  wound  in  notches  on  an  ebonite  frame  in  580  turns. 

The  associated  condenser  consisted  of  mica  plates  covered  with 
tinfoil  and  arranged  in  oil  in  a  box.  Three  such  boxes  were  used, 
each  having  a  capacity  of  0015  mfd.,  and  having  therefore  a  total 
capacity  of  0045  mfd.     These  were  charged  by  an  alternating  current 

'*  See  Elihu  Thomson,  "  On  Apparatus  for  obtaining  High  Frequencies  and 
Pressures,"  The  Electrician,  November  3,  1899,  vol.  44,  p.  40. 
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transformer  having  a  voltage  of  30,000,  and  discharged  through  the 
primary  of  the  above-described  coil  across  an  air  gap.  A  blast  of  air 
was  kept  blowing  on  the  gaps  during  discharge  to  destroy  the  arc. 

In  some  cases  the  use  of  vats  of  oil  is  objectionable,  hence  for 
moderate  spark  lengths  it  is  desirable  to  dispense  with  oil  insulation. 
In  this  case  the  secondanr  circuit  must  be  wound  on  one  layer  on  a 
glass  or  ebonite  tube.  If  guttapercha-covered  wire  is  used,  it  must 
be  covered  with  a  layer  of  well-shellaced  tape  to  protect  it  from  the 
action  of  light  and  air.  This  ebonite  tube  may  be  placed  inside 
another  tube,  on  the  outside  of   which  the  primary  coil  is  wound 


Fig.  47. — OsciUation  Transformer,  Primary  and  Secondary  loosely  coupled. 

in  a  few  open  turns,  or  the  primary  may  be  placed  inside  the  glass 
or  ebonite  tube  on  which  the  secondary  is  wound.  In  any  case 
the  ends  of  the  secondary  circuit  must  be  brought  out  at  opposite 
ends  of  the  tube  in  which  or  on  which  it  is  wound.  In  other  cases 
the  primary  circuit  forms  a  few  open  turns  of  much  larger  diameter 
than  the  secondary  circuit  (see  Fig.  47).  This  last  form  is  described 
as  the  "  loose  couphng  "  of  the  primary  and  secondary  circuit,  whereas 
when  the  primary  and  secondary  are  in  close  contact  the  arrangement 
is  called  "  close  coupling." 

In  any  case  the  primary  circuit  should  consist  of  a  few  turns 
of  wire  as  openly  spaced  as  possible,  for  the  sake  of  making  the 
inductance  low. 
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Nothing  is  gained  by  using  a  primary  current  of  many  close  turns, 
because  the  increase  of  inductive  effect  on  the  secondary,  due  to  an 
increase  in  the  number  of  primary  turns,  is  almost  exactly  annulled 
by  the  decreased  current  through  the  primary,  due  to  its  own  greater 
inductance.  This  matter  will  be  considered  more  in  detail  in  the 
next  chapter. 

Marconi  devised  for  wireless  telegraph  purposes  a  form  of  oscilla- 
tion transformer  in  which  the  two  circuits  are  of  heavily  insulated 
wire,. and  are  wound  over  one  another  on  a  square  or  round  wooden 


Fig.  48.— Oscillation  Transformer,  with  Primary  and  Secondary  Coils  widely 

separated. 


frame.  The  primary  circuit  consists  of  one  or  a  few  turns  of  a 
number  of  wu:es  in  parallel,  and  the  secondary  circuit  of  a  few  turns 
of  wire  in  series. 

In  some  cases  where  very  loose  coupling  is  required  the  primary 
and  secondary  circuits  may  consist  of  insulated  wire  wound  on  two 
square  frames,  the  primary  on  one  and  the  secondary  on  the  other, 
and  these  frames  may  be  placed  a  considerable  distance  apart 
(see  Fig.  48). 

The  full  theory  of  oscillation  transformers  cannot  be  given  imtil 
the  subject  of  electric  resonance  has  been  considered,  but  meanwhile 


AND  BLBOTRIO  OSCILLATIONS  69 

it  will  be  sufficient  to  caution  the  reader  that  the  ratio  in  which  a 
high  frequency  oscillation  transformer  transforms  electric  pressure 
is  by  no  means  in  the  ratio  of  the  number  of  turns.  The  oscillation 
transformer  must  in  some  of  its  forms  be  considered  as  a  transformer 
with  very  large  magnetic  leakage,  hence  only  a  small  portion  of  the 
magnetic  flux  created  by  the  primary  circuit  is  linked  with  the 
secondary  circuit. 

In  the  chapter  on  wireless  telegraphy  receivers,  we  shall  consider 
the  structure  of  certain  peculiar  forms  of  oscillation  transformer  which 
have  been  found  to  be  of  use  in  transforming  the  extra  high  frequency 
oscillations  produced  in  wires  by  the  impact  on  them  of  electric 
waves. 

18.  General  Arpangement  of  Apparatus  for  producing  Electric 
OscdllationB  by  means  of  Condenser  Discharges.  Arc-stoppers 
and  Dischargers. — ^Having  considered  theprincipalpiecesof  apparatus 
in  detail,  we  may  next  discuss  the  general  arrangements  convenient 
for  certain  classes  of  work  in  connection  with  the  production  of  trains 
of  damped  electric  oscillations  and  electric  waves. 

When  no  very  great  power  is  required,  say  an  expenditure  up  to 
150  watts  or  so,  the  most  simple  and  easily  managed  arrangement 
is  a  40-inch  induction  coil  worked  off  secondary  cells,  actuated  either 
by  a  motor-driven  mercury  break  or  else  an  automatic  hammer  break. 
Since  the  above  coil  requires  10  amperes  at  16  volts  to  work  it  well, 
it  is  best  to  work  it  with  8  to  10  storage  cells,  capable  of  giving 
10  amperes  for  4  or  5  hours.  These  cells  are  now  made  up  in  sets 
of  4  or  6  in  celluloid  boxes  contained  in  a  teak  case.  There  should 
be  a  double  pole  cut  out  or  fuze  wire  inserted  between  the  battery  and 
coil  and  also  a  double  pole  switch,  so  that  if  the  hammer  break  sticks 
the  cells  will  not  be  overworked.  These  cells  can  be  charged  from 
any  continuous  current  hghting  circuit  through  resistances  or  lamps. 

The  condenser  attached  to  the  secondary  terminals  of  the  coil  may 
consist  of  Leyden  jars  or  an  ebonite  or  glass-plate  condenser  in  oil. 

The  variable  inductance  used  in  series  with  it  may  be  of  the 
pattern  shown  in  Fig.  5,  §  5,  of  Chapter  II.  A  special  spark  dis- 
charger with  balls  adjustable  for  distance  by  a  fine  screw  is  very 
convenient,  and  this  should  be  contained  in  a  wooden  or  metal  box, 
so  as  to  shut  in  the  hght  of  the  spark  and  reduce  the  noise.  The 
circuit  of  the  condenser  may  also  contain  a  Tesla  coil  or  oscillation 
transformer,  and  we  can  then  draw  from  the  terminals  of  this  coil 
high  frequency  high  potential  discharges,  sparks  or  brushes.  An 
apparatus  of  this  kmd  is  much  used  for  electro-medical  work. 

When  a  more  powerful  plant  is  required,  then  an  alternating 
current  transformer  must  be  employed.  This  may  be  of  any  size 
from  ^  kw.  output  upwards.  A  convenient  size  is  a  2-kw.  transformer, 
raising  pressure  from  140  to  20,000  volts,  adapted  for  a  frequency  of  60. 
Associated  with  this  is  a  motor-generator  consisting  of  a  4-pole 
continuous  current  motor  with  Gramme  ring  armature  and  slip  rings 
on  the  shaft,  as  described  in  §  9  of  this  chapter.  This  machine  may 
be  of  3-kw.  size,  and  if  wound  for  200  volts  on  the  continuous 
current  side  and  a  speed  of  1600  R.P.M.,  will  give  alternating  current 
at  a  frequency  of  60  and  a  voltage  of  140  on  the  slip  rings. 

If  a  continuous  current  supply  is  not  available  to  drive  such  a 
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motor  generator,  then  a  small  oil  engine  may  be  coupled  to  it  to  drive 
it,  or  else  a  suitable  small  alternator  may  be  put  in  its  place  as  already 
described. 

In  those  cases  in  which  larger  powers  still  are  required,  a  plant 
consisting  of  an  oil  or  steam  engine  driving  directly  or  by  a  belt  an 
alternator  giving  alternating  current  at  2000  volts  may  be  arranged. 
The  pressure  of  the  current  is  then  raised  by  transformers  to  20,000 
or  80,000  volts.  In  this  case  the  transformers  should  be  oil-insulated 
transformers. 

When  low  resistance  transformers  of  large  size  are  employed  to 
charge  condensers,  it  is  necessary  to  destroy  the  alternating  current 
arc  which  tends  to  form  across  the  spark  balls  and  so  stops  the 
production  of  oscillations. 

This  may  best  be  accomplished  by  means  of  a  plan  devised  by  the 
author.^  In  the  primary  circuit  of  the  transformer  T  (see  Fig.  49) 
are  placed  two  choking  coils,  Hj,  H^,  or  inductances  in  series,  each 
consisting  of  a  long  bobbin  of  wire  standing  on  an  insulated  wooden 
slab.     An  iron  core  for  each  coil,  Ej  and  B„  is  provided,  made  of  thin 


Fig.  49. — Arrangement  of  Apparatus  for  producing  Powerful  Electric  OsciUations. 
(Fleming.)  A,  alternator;  T,  transformer;  H,,  H„  choking  coils;  C,  oon- 
aenser ;  p,  s,  oscillation  transformer. 

sheet-iron  stampings  like  a  transformer  core,  and  it  is  in  the  shape  of 
a  letter  B  (see  Fig.  49).  If  this  E-shaped  iron  is  let  down  into  the 
coil  it  gives  it  a  greatly  increased  inductance.  In  the  wooden  base 
there  is  a  transverse  piece  of  laminated  iron  which  completes  the 
magnetic  circuit  when  the  core  is  let  right  down.  Two  such  choking 
coils  are  joined  in  series  with  each  other  and  with  the  primary  circuit 
of  the  transformer  T.  These  choking  coils  can  be  short  circuited  by 
keys,  Ki  and  K,.  The  alternator  A  is  run  at  a  speed  required  to  give 
the  necessary  normal  primary  current  of  the  transformer,  and  both 
iron  cores  are  let  down  into  the  choking  coils.  Then  the  secondary 
circuit  of  the  transformer  T  is  short  circuited,  and  also  one  of  the 
choking  coils  H.2,  by  its  appropriate  key,  Kg,  and  furthermore  the  core 
of  the  other  choking  coil  II,  is  raised  until  the  current  flowing 
through  it  is  not  more  than  the  full  load  current  of  the  transformer  T. 
In  the  next  place  the  secondary  terminals  of  the  high-tension 
transformer  are  connected  to  a  pair  of  spark  balls,  S,  and  to  a 

"  See  British  Patent  Specification,  No.  8481  of  1901,  application  of  February  18, 
1901 ;  also  United  States  Patent  Specification,  No.  75S0O4,  application  of  April  8, 
1901. 
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ooDdenser,  C,  and  inductance  in  p  series,  which  last  may  consist  of 
the  primary  circuit  of  an  oscillation  transformer,^,  of  any  form. 

If  then  the  key  E,  is  raised,  and  if  the  spark  halls  are  adjusted  at 
the  proper  distance,  it  will  be  found  that  no  spark  passes  when  the 
short  circuit  key  of  the  choker  is  up,  but  that  a  condenser  discharge 
takes  place  when  the  key  is  depressed.  The  reason  for  this  is  that 
when  both  choking  coils  are  operative  the  impedance  is  so  great  that 
no  current  can  flow  through  them  sufficient  to  create  much  secondary 
voltage  in  the  high-tension  transformer.  If,  however,  one  choker  is 
short  circuited,  then  the  impedance  is  so  far  reduced  that  the  trans- 
former receives  current  enough  to  create  a  secondary  voltage.  By 
adjusting  the  length  of  the  spark  gap  and  the  position  of  the  core  of 
one  of  the  chokers,  it  is  possible  to  make  this  spark  consist  wholly  of 
an  oscillatory  discharge  of  the  condenser,  and  not  have  superimposed 
upon  it  any  alternating  current  arc  discharge  directly  due  to  the 
transformer.  If  this  arc  discharge  is  not  suppressed  there  will  be  no 
true  oscillatory  discharge  in  the  condenser  circuit  or  only  a  feeble  one. 

The  reason  for  this  is  obvious.  As  long  as  the  arc  discharge 
continues,  the  secondary  terminals  of  the  transformer  are  reduced  to 
nearly  the  same  potential,  or  at  most  differ  by  a  few  hundred  volts. 
It  is  not  until  the  arc  is  stopped  that  the  spark  balls  come  up  to  a 
sufficient  potential  difference  to  give  a  fresh  charge  to  the  condenser, 
and  by  creating  a  discharge  across  the  gap  start  into  existence  a  fresh 
train  of  oscillations. 

Various  other  plans  have  been  suggested  for  destroying  the  arc 
discharge  whilst  permitting  the  condenser  discharge  to  take  place. 

Tesla  employed  a  powerful  magnet  placed  with  the  direction  of 
its  magnet  interpolar  field  transverse  to  the  Une  joining  the  spark 
balls.  The  pointed  field  poles  were  covered  with  some  non-conducting 
and  non-inflammable  material,  such  as  mica  or  porcelain.  This  strong 
magnetic  field  blows  out  the  arc  just  as  in  the  ordinary  electric  tram- 
car  controller.  Another  plan,  due  to  Elihu  Thomson,  is  to  employ  a 
powerful  jet  of  air.  The  air  blast  is  applied  just  between  the  spark 
balls,  and  blows  away  the  arc  but  not  the  condenser  spark. 

A  third  plan,  proposed  by  M.  D'Arsonval,  is  to  construct  the 
discharger  with  the  spark  balls  at  the  extremities  of  metallic  arms. 
One  of  these  is  made  to  revolve  at  a  high  speed.  Hence  the  arc,  if 
formed,  is  broken  as  the  balls  separate.  The  condenser  is  then  again 
charged,  and  discharges  again  as  the  balls  pass  each  other,  but  the 
electric  arc  which  forms  at  that  instant  is  again  destroyed  as  the 
balls  move  apart.  A  fourth  plan  is  to  employ  a  transformer,  as  made 
by  Leslie  Miller,  with  large  magnetic  leakage.  Hence,  as  soon  as  the 
condenser  is  charged  and  discharges,  and  the  true  arc  discharge 
created,  the  current  given  out  by  the  secondary  circuit  of  the  trans- 
former is  greatly  increased.  This,  owing  to  the  construction  of  the 
transformer,  causes  so  large  a  fall  in  potential  between  the  terminals 
that  the  arc  can  no  longer  be  maintained. 

This  extinction  of  the  alternating  current  arc  is  facilitated  by  the 
employment  of  curved  metallic  horns  instead  of  spark  balls. 

It  is  well  knovm  that  if  an  alternating  current  arc  is  formed 
between  such  horns,  the  arc  tends  to  rise  up  to  the  wider  part  of 
the  gap.     In  so  doing  it  gets  stretched  out  and  extinguished,  and  the 
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process  is  assisted  by  the  upward  draught  of  air  caused  by  the  arc, 
and  this  can  be  furthermore  helped  by  putting  a  non-conducting 
porcelain  or  stoneware  chimney  over  the  horns  to  help  the  draught 
action. 

When  employing  only  small  powers,  the  spark  discharger  consists 
usually  of  two  brass  balls,  1  or  2  cms.  in  diameter,  their  distance 
being  adjustable.  The  ordinary  sliding  rods  terminated  in  brass  balls, 
which  are  placed  on  induction  coil  secondary  terminals,  are  quite 
suitable  as  a  discharger  for  many  experiments,  and  even  for  wireless 
telegraphy.  For  larger  powers,  balls  of  some  more  refractory  material, 
such  as  cast  iron,  are  better. 

The  distance  of  these  discharge  surfaces  must  be  capable  of 
accurate  adjustment  by  means  of  a  screw.  As  the  noise  of  the 
oscillatory  spark  is  very  distressing  when  large  powers  are  being 
employed,  the  author  has  devised  a  plan  by  which  the  discharger  is 
contained  in  a  cast-iron  case  with  thick  walls.  A  peep-hole  glazed 
with  thick  plate  glass  is  provided,  and  also  stuffing  boxes  or  glands, 


Fig.  50.— Silent  DiBcharger.    (Fleming.)    S,  S,  spark  balls ;  A,  A,  c€ist-iron  case ; 
L,  peep  hole ;  P,  pressure  gauge ;  Q,  air  pipe. 

through  which  are  passed  ebonite  rods  pierced  with  metal  rods,  by 
which  the  discharge  is  conveyed  to  balls  fixed  on  the  ends  of  the 
rods.     The  diagram  in  Fig.  50  shows  such  a  silent  discharger. 

The  discharger  will  only  be  silent  if  the  iron  case  has  very  thick 
walls  and  is  closed  perfectly  air-tight.  It  may  also  be  arranged  to 
contain  compressed  carbonic  acid  gas  or  nitrogen.  If  the  spark  is 
taken  in  compressed  air  or  other  gases,  the  spark  length  for  any 
given  voltage  is  almost  inversely  as  the  total  pressure.  Further 
reference  to  this  matter  is  made  in  the  next  chapter. 

One  difficulty  which  presents  itself  when  the  spark  is  taken  in 
a  closed  vessel  fuU  of  air  is  the  chemical  production  of  oxides  of 
nitrogen  by  the  discharge.  These  vapours,  being  acid,  cause  a  loss  of 
insulation  by  condensing  on  the  insulating  supports.  The  difficulty 
is  only  slightly  overcome  by  placing  quicklime  or  caustic  potash  in 
the  interior.  A  better  plan  is  to  fill  the  vessel  once  for  all  with 
nitrogen  gas. 

This  can  be  prepared  sufficiently  pure  for  this  purpose  by  burning 
pieces  of  phosphorus  under  a  glass  bell  jar  standing  over  water. 
When  the  phosphoric  pentoxide  produced  has  dissolved,  the  residual 
gas  can  be  pumped  into  the  spark- ball  chamber,  provided  that  the  air 
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has  previously  been  exhausted  from  it.  When  once  the  spark  box 
has  been  filled  with  nitrogen,  it  will  not,  if  air-tight,  require  further 
attention  for  some  time,  and  no  production  of  oxides  of  nitrogen  can 
take  place. 

Since  the  apparent  dielectric  strength  of  air  and  other  gases  is 
greater  for  thin  layers  than  for  thick  ones,  whilst  the  spark  resistance 

per  unit  of  length  is  less,  ^ ^^ 

it  is  in  some  cases  desirable  ^\\xC:v  VaV  ^>xs 

to  employ  multiple  spark 
gaps,  that  is,  a  series  of 
discharge  balls,  so  that  the 
spark  is  cut  up  into  several 
sparks.  These  can  be 
arranged  in  a  box,  and 
their  distances  adjusted  by 
a  screw  on  a  plan  sug- 
gested by  J.  8.  Stone  (see 
Rg.  51).  (See  United 
States  Patent  No.  768,000, 
applied  for  February  23, 
1904.) 
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Fig.  51. — Multiple  Ball  Discharger. 
(J.  S.  Stone.) 


Since  the  spark  balls  wear  away  with  the  discharge,  it  is  necessary 
to  make  some  arrangement  for  turning  them  round,  so  as  to  bring 
fresh  surfaces  continually  in  apposition. 

The  author  has  devised  a  special  form  of  enclosed  discharger  with 
rotating  balls,  which  can  be  worked  in  compressed  gases.  The 
detailed  description  of  this  discharger  is  given  in  Chapter  VIII.  of 
this  treatise. 

14.  The  Produotion  of  Continuoasly  Maintained  Hi^ 
Freqn^noy  Corrents  or  Osoillations. — ^The  condenser  discharge 
arrangements  described  in  the  previous  sections  produce,  when  in 
action,  trains  of  damped  oscillations,  that  is,  groups  of  decadent 
oscillations  separated  by  intervals  of  time  which  are  generally  very 
long  in  comparison  with  the  whole  duration  of  a  train.  Thus  suppose 
the  periodic  time  of  the  oscillation  is  tq^oo  ^^  ^  second,  and  that  each 
group  of  oscillations  consists  of  50  viorations,  and  that  the  condenser 
discharges  take  place  at  the  rate  of  100  per  second.  Then  the  time 
during  which  oscillations  are  actually  talang  place  is  only  1  per  cent. 
of  the  whole  time  of  the  operation,  since  50  times  fi^n^joo  ^^  ^^^Y  ^^®" 
hundredth  part  of  yj^  of  a  second.  Accordingly  the  thoughts  of 
investigators  have  been  much  directed  to  some  means  for  the  pro- 
duction of  continuously  maintained  oscillations  of  far  higher  frequency 
than  that  obtainable  by  any  alternator.  One  means  by  which  this 
has  been  attempted  is  by  the  employment  of  a  condenser  and  induct- 
ance placed  in  series  as  a  shunt  across  an  electric  arc  or  spark  gap, 
the  arc  or  spark  being  taken  between  carbon  or  metal  rods  either  in 
air  or  enclosed  in  various  gases  or  vapours. 

Professor  Elihu  Thomson  filed  in  1893  a  United  States  Patent 
Specification,  No.  500630,  July  4,  1893,  for  a  method  of  producing  by 
the  above  means  continuous  trains  of  high  frequency  currents.  In 
this  specification  he  proposes  to  transform  continuous  currents  at 
500  volts  into  high  tension  high  frequency  alternating  currents  by 
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the  following  means.  An  inductance  coil  is  placed  in  series  with 
a  spark  gap  across  the  continuous  current  mains,  and  the  spark  gap 
is  shunted  by  a  condenser  in  seizes  with  another  inductive  circuit 
which  may  be  the  primary  coil  of  a  high  frequency  transformer.  The 
arrangement  is  as  shown  in  Fig.  52. 

An  air  blast  or  magnetic  field  must  be  used  to  extinguish  the 
continuous  current  arc. 

The  ninth  claim  of  the  specification  reads  as  follows : — 

'•  The  method  of  obtaining  from  continuous  currents  or  currents  tending 
through  self-induction  or  otherwise  to  remain  unchanged  or  resist  sudden 
changes  of  value,  high  frequency  alternating  currents  of  desired  periodicity, 
consisting  in  bridging  by  determinate  capacity  of  condenser  and  a  determinate 
self-induction  coil  or  circuit  a  spark  gap  in  said  continuous  current  circuit,  said 
spark  ga|>  being  adjusted  and  arranged  so  as  to  respond  to  the  desired  frequency 
substantially  as  set  forth." 

In  the  above  specification  nothing  is,  however,  said  about  the 
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Pig.  62.— Production  of  Continuous  Trains  of  Electric  Oscillations.  (Elihu 
Thomson.)  B,  battery;  R,  R,  high  resistances;  S,  spark  balls;  C,  con- 
denser ;  L,  inductance. 

employment  of  a  carbon  arc  instead  of  a  spark  gap,  but  Professor  Elihu 
Thomson  has  informed  the  author  he  had  observed  the  effect. 

Mr.  W.  Duddell  showed  in  1900  that  if  a  condenser  of  suitable 
capacity  and  an  inductance  are  connected  in  series  with  their 
terminals  attached  to  the  carbons  of  a  continuous  current  arc  of 
certain  length  and  current  formed  with  soliil  carbons,  the  arc  gives 
forth  a  musical  note  of  high  pitch.^ 

The  same  creation  of  oscillations  in  a  condenser  and  inductive  circuit 
is  also  observed  in  the  case  of  a  metallic  arc,  that  is,  an  electric  arc  pro- 
duced between  metalhc  rods.  By  means  of  high  tension  continuous 
current  producing  arc  discharges  between  metallic  surfaces  in  vacuum, 
MM.  Simon  and  Beich  state  that  they  have  been  able  to  produce 
extremely  strong  oscillations  in  a  condenser  placed  in  an  inductive 
shunt  circuit  connecting  the  two  surfaces  between  which  the  arc 
discharge  takes  place.* 

*•  See  W.  Duddell,  "  On  Rapid  Variations  in  the  Current  through  the  Direct- 
current  Arc,"  Journal  of  the  Institution  of  Electrical  Engineers,  1900,  vol.  80,  p.  282. 
See  also  British  Patent  Specification,  W.  Duddell,  No.  21629  of  1900. 

*•  See  La  lievue  Practique  de  V£lectricit^,  April  20, 1904. 
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Mr.  Duddell  has  given  the  following  data  for  an  open  and  enclosed 
carbon  arc,  which  wiU  serve  as  a  guide  in  selecting  a  suitable  capacity 
and  inductance  for  producing  the  musical  arc. 

Data  fob  the  Pboduction  of  MusiCAii  Abos. 

Open  arc  Encloflcd  arc. 

Carbons,  both  solid Conradty  carbons  Electra  carbons. 

Diameter  of  carbons 9  mm IS  mm. 

Arc  length 1-5  mm.      ...  1  mm. 

Arc  current 8'5  amps.    ...  5  amps. 

Beslstance  in  series  with  the  arc  ....  42  ohms  ....  28  ohms 

Indnetance  of  shmit  across  carbons  ...  5*8  millihonrys  5-8  millihenrys 

Besistance  of  shunt 0-41  ohm     .     .     .  0*41  ohm 

Capacity  of  condenser 1*1  to  5*4  mfds.    .  1*1  to  5*4  mfds. 

R.M.S.  value  of  current  through  condenser  8  amps    ....  4*5  amps. 

The  production  of  this  effect  is,  however,  subject  to  certain  condi- 
tions.    The  arc  A  must  be  formed  by  the  electromotive  force  of  a 
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Fig.  53.— Arrangements  for  producing  Duddell's  Musical  Arc.    B,  battery ; 
B,  resistance ;  A,  caroon  arc  ;  G,  condenser ;  L,  inductance. 

secondary  battery  or  other  steady  generator,  and  a  resistance,  R  (see 
Fig.  53),  must  be  placed  in  series  with  it.  The  inductive  resistance  L 
placed  as  a  shunt  to  the  arc  must  be  a  low  resistance — generally 
speaking,  something  less  than  1  ohm.  The  condenser  G  employed 
should  be  one  suitable  for  high  potential,  as  although  the  impressed 
electromotive  force  on  it  is  only  60  volts,  the  action  of  resonance  (see 
Chap.  III.)  creates  a  potential  difference  between  its  plates,  which  at 
moments  rises  to  several  hundred  volts,  and  hence  a  thin  paper  con- 
denser may  break  down. 

The  exact  reasons  for  this  phenomenon  have  not  yet  been  entirely 
made  clear.  Two  views  have  been  taken  of  it.  On  the  one  hand,  it 
has  been  held  that  it  essentially  depends  upon  the  existence  of  a 
negative  resiMance  in  the  arc,  and  that  the  frequency  which  can  be 
obtained  is  limited  by  the  arc  itself.  We  shall  present  the  outlines  of  this 
theory  first,  as  proposed  by  Mr.  Duddell  and  supported  by  some  others. 

Suppose  a  small  instantaneous  change,  dW,  is  made  in  the  potential 
difference  of  the  electrodes,  whether  carbon  or  metal,  between  which 
the  arc  is  formed,  and  let  the  corresponding  small  change  in  the 
current  through  the  arc  be  denoted  by  (?A.     Also  let  the  resistance  of 
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the  iniuctance  in  series  with  the  condenser  be  represented  by  r.  The 
theory  advocated  by  Mr.  Duddell  is  that  the  conditions  for  the  pro- 
duction of  high  frequency  alternating  currents  or  oscillations  in  the 

dV 
condenser  circuit  are  that  jr  must  be  negative  in  sign,  and  must  be 

dV 
numerically  greater  than  r.    A  negative  value  of  %  r  implies  that  the 

current  through  the  arc   must  vary  in  the  opposite  sense  to  the 

potential  difference,  that  is,  the  current  must  increase  as  the  potential 

difference  decreases,  and  vice  versa,    Messrs.  Frith  and  Eogers  have 

dW 
experimentally  determined  the  value  of  — -  (which  they  call  the 

resistance  of  the  electric  arc)  for  various  arcs  made  vdth  cored  and  solid 

dV 
carbons,  and  they  found  that  v^hilst  jr  v^as  always  positive  for  cored 

carbons,  it  was  negative  when  both  carbons  were  solid  and  was  as 
small  as  —  2  ohms  for  a  4-ampere  arc  between  solid  carbons.*®  As  the 
resistance  of  the  inductive  coil  in  series  with  the  condenser  can  easily 
be  made  less  than  2  ohms,  the  two  criteria  can  be  satisfied. 

The  operations  taking  place  may  be  stated  generally  in  the  follow- 
ing manner.  If  a  condenser  in  series  v^th  an  inductance  of  low 
resistance  is  placed  as  a  shunt  across  the  arc,  the  first  effect  is  to  rob 
the  arc  of  some  current  to  charge  the  condenser.  This  action,  how- 
ever, does  not  decrease,  but  increases  slightly  the  potential  difference 
of  the  carbons.  Hence  the  condenser  continues  to  be  charged.  When 
the  charge  is  complete,  the  current  through  the  arc  is  again  stationary, 
and  the  condenser  at  once  begins  to  discharge  back  through  the  arc. 
This,  however,  increases  the  current  and  decreases  the  potential  of  the 
carbons,  hence  the  action  proceeds  until  the  condenser  is  discharged. 
The  process  then  repeats  itself  regularly.  The  whole  action  is  exactly 
analogous  to  that  by  which  the  resonance  of  the  column  of  air  in  an 
organ  pipe  controls  the  operation  of  the  jet  of  air  issuing  from  the 
mouth  of  the  pipe  and  impinging  against  the  sharp  edge  of  the  upper 
lip,  and  so  maintains  the  sound  as  long  as  the  current  of  air  is  supplied. 
Mr.  Duddell  found  that  the  direct  current  arc  between  cored  carbons 
would  not  produce  this  effect.  Also  he  found  that  in  the  case  of  arcs 
between  metal  surfaces  the  arc  was  even  more  readily  extinguished  by 
shunting  the  arc  with  a  condenser  than  in  the  case  of  a  solid  carbon 
arc.  He  also  found  that  there  were  limits  to  the  production  of  the 
oscillatory  currents  by  the  carbon  arc,  but  that  it  worked  well  as  a 
transformer  of  continuous  current  to  electric  oscillations  when  the 
condenser  and  inductance  were  so  adjusted  that  the  frequency  lay 
between  500  and  10,000. 

The  physical  conditions  to  be  fulfilled  for  this  transformation  to  take 
place  have  also  been  set  out  mathematically  by  M.  Janet  as  follows  ^ : — 

Let  C  be  the  capacity  of  the  condenser,  L  the  inductance,  and  r  the 
resistance  of  the  coil  in  series  with  it  placed  as  a  shunt  across  the  arc. 
Let  R  be  the  larger  resistance  placed  in  series  with  the  arc,  and  E  the 

»•  See  Proc,  Phys,  Sac.  Land,,  1896,  vol.  xiv.  p.  807 ;  or  Phil  Mag.,  1896,  vol. 
42,  ser.  v.  p.  407. 

"  See  P.  Janet  on  "Duddell's  Musical  Arc,"  Comptes  Eendus,  1902,  vol.  134, 
p.  821. 
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electromotive  force  of  the  working  battery.  Let  t  be  the  instantaneous 
value  of  the  current  flowing  through  E,  t^  that  through  the  arc,  and  t, 
that  through  the  condenser.  Then  if  an  alternating  current  is  set  up 
and  estabUshed  in  a  permanent  state  in  the  condenser  circuit  it  has  a 
certain  frequency,  n.     Let  p  =  2?m  as  usual. 

Experiment  shows  that  the  current  through  the  arc  is  also 
fluctuating,  and  consists  of  a  periodic  current  superimposed  on  a 
steady  current.  Therefore  the  current  coming  out  of  the  battery 
must  be  of  the  same  nature.  Let  Iq  be  the  value  of  this  steady 
current.     Then — 

i  =  I,  +  Iampt (27) 

where  /  is  the  maximum  value  or  amphtude  of  the  periodic  part  of 
the  current  through  the  resistance  E.  It  is  also  assumed  that  the 
frequency  of  the  current  through  the  condenser  is  the  natural  frequency 

of  the  condenser  and  inductive  shunt.     Therefore  n  =  ^ — ^.        or 

27r/CL. 

/>^  =  -  ^      This  circuit,  therefore,  acts  as  if  it  were  non-inductive,  since 

the  relation  between  its  inductance  capacity  and  frequency  is  that 
under  which  the  inductance  annuls  the  capacity. 

The  main  current  thus  consists  of  a  continuous  part  and  an  alter- 
nating part.  The  current  through  the  arc  is  of  the  same  type,  whereas 
the  current  through  the  condenser  shimt  circuit  is  purely  alternating. 
If  r  is  the  resistance  of  the  inductive  shunt,  and  4  is  the  current  through 

it,  then,  corresponding  to  the  frequency  n  =  - — y==r,  the  potential 

difference  of  the  ends  of  the  inductive  shunt  must  be  equal  to  n^,  since 
then  the  inductance  is  annulled  by  the  capacity.  Hence  this  must  be 
equal  to  the  electromotive  force  represented  by  the  periodic  part  of 
the  main  current,  which  is  numerically  equal  to  E/  sin pL  Accordingly 
we  have — 

ia  =  -;/  sm  pt 

Again,  if  v  is  the  difference  of  potential  of  the  carbons  forming  the 
arc  at  any  instant,  and  E  is  the  constant  E.M.F.  of  the  working 
battery,  we  have  also — 

t»  =  E  -Ei 

or  substituting  the  expression  for  i  above  given  we  have — 

t;  =  E  -  E/o  -  E/  sin^?^ (28) 

E 
but    i2=  -I  Bin  pt 
r 

Also  the  current  t,  through  the  arc  is  the  sum  of  the  current  i  through 
the  main  resistance  and  the  condenser  current  ij.     Hence — 

Therefore    i*  = /„  + -y -'7  sin  i?/ (29) 
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Differentiate  (28)  and  (29)  with  respect  to  time  and  take  the 
quotient.     We  have  then — 

5  =  -E/;?  oospt  and  ^'^  =  ^^^±llp  cos pt 
at  dt  r  ^ 

T,  dv  Er 

If  E  is  large  compared  with  r,  the  value  of  j,  approximates  to  7\ 

Hence  the  condition  for  the  establishment  of  permanent  oscillations 

in  the  condenser  circuit  having  a  frequency  n  =  ^ — j=^  is  that  the  sign 

of  yr  must  be  negative,  and  its  value  numerically  equal  to,  or  greater 

than,  that  of  the  ohmic  resistance  of  the  shimt  circuit.  Janet,  there- 
fore, arrives  at  a  conclusion  as  to  the  essential  conditions  for  the 
production  of  the  musical  arc  which  is  identical  with  that  reached  by 
Duddell.  The  same  result  has  been  reached  by  Mr.  Duddell  in 
another  manner  by  showing  that  with  the   above  conditions  (viz. 

,~  negative  and  equal  to  or  greater  than  r)  the  energy  wasted  as  heat 

in  the  inductive  circuit  is  recouped  during  each  half  period  by  the 
energy  given  to  it.     Hence  the  oscillations  are  maintained." 

The  high  frequency  oscillations  so  produced  can,  of  course,  be 
transformed  up  to  higher  potentials  by  using  a  Tesla  coil  or  oscillation 
transformer  and  placing  the  primary  circuit  in  series  with  a  condenser 
as  a  shunt  across  the  arc. 

We  are  thus  able  to  cause  a  source  of  continuous  current,  such  as 
a  secondary  battery  or  dynamo,  to  expend  part  of  its  enery  in  creating 
continuous  or  maintained  electric  oscillations  of  high  frequency  in  a 
condenser  and  inductive  circuit. 

Several  Italian  physicists,  however,  disagree  with  Duddell  and 
Janet  as  to  the  statement  of  the  laws  governing  the  frequency  of  the 
oscillations.  Thus,  A.  Banti  has  asserted  (Ekttridsta,  January  12, 
1903,  vol.  12,  p.  1)  that  with  a  condenser  of  1  mfd.  and  an  extremely 
small  inductance  (merely  a  connecting  wire)  a  frequency  of  120,000 
may  be  obtained.®  Banti  says  (Joe,  dt.)  that  the  frequency  is  not  the 
same  when  the  inductance  and  capacity  are  varied  inversely  as  one 
another.  Thus,  with  an  inductance  of  0*048  henry  and  capacity  of 
1  mfd.,  the  frequency  is  13,000.  With  an  inductance  0*012  h.  and 
capacity  4  mfds.  it  is  8500,  whilst  with  0*003  h..and  16  mfds.  it 
is  2750,   whereas  if   the   frequency  of  the  oscillations  was  entirely 

determined  by  the  formula  n  =  -  —  __ ,  the  frequency  should  have 

been  in  all  cases  the  same,  since  the  quantity  ^CL  is  preserved 
constant. 

"  See  loc.  dt.,  "On  Rapid  Variations  in  the  Current  through  the  Direct 
Current  Arc,"  Appendix  11.,  Journal  of  the  Inst,  Elec,  Efig.,  vol.  30,  p.  262. 
"  See  also  Science  Abstracts,  1903,  vol.  6,  A.,  p.  887. 
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Duddell,  however  (see  a  letter  in  The  Elediinan,  1903,  vol.  51, 

dv 
p.  902),  has  contended  that  since  the  value  of   ;.   for  the  arc  with 

solid  carbons  is  not  negative  for  frequencies  as  high  as  100,000, 
oscillations  cannot  be  then  created  in  the  shunt  circuit,  and  that  the 
statements  made  concerning  very  high  frequencies  are  erroneous. 
In  the  same  letter  Duddell  points  out  that,  since  the  full  expression 
for  the  frequency  of  the  oscillations  in  an  inductive  circuit  having 

capacity  and  resistance  is  given  by  n  =  a  ,  it  follows  that 

the  frequency  will  be  determined  by  the  current  through  the  arc, 
since  the  current  is  a  function  of  the  resistance  of  the  arc.  Numerical 
values  are  not,  however,  given  in  confirmation  of  this  opinion. 

The  reader  may  be  referred  to  the  following  sources  for  additional 
information : — 

M.  La  Rosa,  N%iovo  Ciniento,  Jan.  1904,  vol.  7,  p.  5,  "  On  Duddell's 
Currents."     See  also  Science  Abslracis,  1904,  vol.  7,  A.,  p.  456. 

The  above-named  author  states  that  his  result  shows  that  the 
actual  condenser  current  is  asymmetric.  Its  ampHtude  was  deter- 
mined by  a  Braun  vacuum  tube.     He  concludes  that — 

(i.)  The  ampUtude  of  the  oscillatory  current  is  independent  of  the 
resistance  of  the  shunt  circuit  until  this  reaches  2*5  ohms,  when  the 
oscillations  cease. 

(ii.)  The  change  in  amplitude  with  inductance  does  not  follow  any 
simple  law. 

(iii.)  When  the  main  current  is  small,  the  amplitude  of  the  shimt 
current  tends  to  vary  inversely  as  the  square  root  of  the  inductance, 
and  inversely  as  the  cube  root  of  the  capacity. 

Corbino  has  studied  the  singing  arc  by  stroboscopic  methods. 

See  AUi.  dell\  Assoc,  EUttr.  Ital,  1903,  vol.  7,  p.  369,  also  p.  597 ; 
or  Science  Ahdracis,  1904,  vol.  7,  A.,  p.  537. 

He  says  the  current  in  the  shunt  circuit  is  not  sinusoidal,  and  that 
this  may  be  proved  by  using  a  Braun  cathode  ray  vacuum  tube. 

Hence,  the  formula  -  is  not  strictly  applicable  for  determining 

2ir^GIj 

the  frequency.     Corbino  deduces  an  equation  for  the  shunt  current 

i,  in  terms  of  the  constants  and  the  main  current  t  as  follows : — 


dt^y    (i^i^vdt^c 


A  very  full  examination  of  this  subject  has  been  made  by  Maisel 
{Phyfiikalische  ZeUsrhrift,  Sept.  1,  1904)."  He  contends  that  it  has 
been  shown  by  Wertheim  Salomonson  that  a  singing  arc  may  produce 
osciUations  having  a  frequency  as  high  as  400,0()0,  and  that  the  latter 

**  See  also  L'Eclairage  Electricque,  1904,  vol.  41,  p.  186,  for  a  French  epitome 
of  Maisers  paper. 

In  The  Etectridany  vol.  51,  p.  762,  will  be  found  a  letter  from  I.  Wertheim 
Salomonson  referring  to  his  paper  in  the  Proceedings  of  the  Royal  Academy  of 
Amsterdam  on  the  effect  of  variation  of  current  strength  on  the  pitch  of  the  note 
of  the  singing  arc. 
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observer  has  photographically  registered  a  frequency  as  high  as 
135,000.  Also  Maisel  says  that  Corbino  has  shown  that  the  current 
in  the  condenser  circuit  is  not  sinusoidal,  and  not  even  symmetrical, 
and  that  the  work  of  Salomonson,  AscoU,  and  Manzelti  has  shown 
that  the  frequency  of  the  oscillations  in  the  condenser  circuit  cannot 

be  calculated  by  the  simple  formula  n  =  - — -^    . 

Maisel  bases  his  views  upon  the  theory  of  the  electric  arc 
developed  by  Mitkiewiez  (see  Russian  Journal  of  Physics  and  Chemistry y 
1903,  pp.  507  and  675)  and  by  J.  Stark  {Ann,  der  Physik,,  1903,  vol.  12, 
p.  673).  According  to  this  theory  (which,  however,  was  originally 
suggested  by  the  author  of  this  book  in  1899),  the  phenomena  in  the 
arc  very  much  depend  upon  the  thermal  condition  of  the  negative 
pole.**  The  discharge  cannot  pass  if  the  temperature  of  the  negative 
pole  falls  below  a  certain  limit.  If,  then,  we  connect  a  condenser  and 
inductance  as  a  shunt  across  the  arc,  the  first  effect  is  to  rob  the 
arc  of  current.  This  causes  a  fall  of  temperature  in  the  electrodes, 
and  finally  an  extinction  of  the  arc.  If,  however,  the  temperature  of 
the  negative  terminal  has  not  fallen  below  a  certain  point,  the  arc 
relights  itself  again  as  soon  as  the  condenser  is  charged,  and  the  con- 
denser discharges  through  it.  Maisel  contends  that  stroboscopic 
observations  have  shown  that  this  extinction  of  the  arc  takes  place. 
He  states  that  he  has  also  produced  the  phenomenon  of  the  singing 
arc  with  iron  terminals  and  with  mercury  and  carbon,  as  well  as 
mercury  and  iron,  and  he  gives  diagrams  of  current  curves  taken 
with  a  Braun  tube  which  show  that  the  current  variation  is  not 
sinoidal. 

He  contends  that  the  sign  of  the  slope  of  potential  in  the  arc  has 
no  importance,  and  that  the  singing  arc  can  be  obtained  with  any 
electrodes  and  any  frequency,  and  that  this  frequency  cannot  be 
calculated  simply  from  the  inductance  and  capacity  in  the  shunt 
curcuit.  On  the  other  hand,  all  Maisel's  observations  were  made 
with  a  shunt  circuit,  having  a  capacity  of  34  mfds.  and  an  inductance 
of  3-4  X  10*  cms.  Hence  the  natural  time  period  of  the  oscillating 
circuit  was  0*0007  second,  which  is  a  frequency  less  than  the  value 
10,000  given  by  DuddeU  as  critical. 

In  a  more  recent  paper  {Physikalische  Zeitschrift,  Jan.  15,  1905) 
S.  Maisel  attempts  a  general  theory  of  the  production  of  undamped 
trains  of  electrical  oscillations.  He  assumes  the  possession  of  a  con- 
ductor which  rigidly  obeys  Ohm's  law,  but  has  the  property  that  no 
current  flows  through  it  when  the  electromotive  force  falls  below  a 
certain  value,  and  that  the  restoration  of  the  current  requires  a  high 
electromotive  force.  There  are  many  forms  of  conductor  which 
comply  with  these  conditions,  e,g,  a  vacuum  tube,  the  mercury  vapour 
lamp,  as  well  as  the  electric  arc.  The  author  works  out  a  complete 
mathematical  theory,  and  shows  that  when  such  a  conductor  is  a 
shunt  to  a  condenser  in  series  with  an  inductance,  a  battery  or  source 
of  steady  E.M.F.  will  create  oscillations  in  the  condenser  curcuit. 

"  See  J.  A.  Fleming,  Froc.  Roy.  Soc.  Lond.,  1890,  vol,  47,  p.  118,  "  On  Electric 
Discharge  between  Electrodes  at  Different  Temperatures  in  Air  and  High  Vacua  "  ; 
also  Proc.  Roy.  Institution  of  Ot.  Britain^  1890,  vol.  xiii.  p.  34,  "  Problems  in 
the  Physics  of  an  Electric  Lamp." 
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The  energy  required  to  neutralize  the  damping  of  the  condenser 
circuit  is  drawn  from  the  battery. 

The  Duddell  musical  arc  has  been  proposed  as  a  means  of  obtain- 
ing continuous  trains  of  electric  waves  for  wireless  telegraphy  *  We 
know,  however,  that  to  obtain  electric  waves  of  even  a  mile  in  wave 
length,  we  should  require  electric  oscillations  with  a  frequency  of 
200.000. 

Hence  no  device  for  producing  continuous  oscillations  for  this 
purpose  could  be  of  much  use  unless  it  can  produce  oscillations 
having  a  frequency  of  at  least  200,000,  and  preferably  much  higher. 

We  have  seen  that  it  is  still  a  matter  of  dispute  whether  a  fre- 
quency of  this  order  can  be  obtained  from  the  musical  arc. 

Another  effect  of  a  very  similar  nature  has  been  discovered 
by  Mr.  P.  Cooper-Hewitt,  following  up  earlier  work  on  the  mercury 
arc.  He  found  that  a  colunm  of  mercury  vapour  has  electrical 
properties  very  similar  to  that  of  the  electric  arc  between  solid 
carbons.  If  a  glass  tube  is  provided  with  mercury  electrodes  con- 
nected by  sealed-in  platinum  wires  with  a  circuit,  and  if  the  tube  is 
highly  exhausted  of  air  so  as  to  contain  only  mercury  vapour,  it  is 
found  that  this  vapour  becomes  electrically  conductive  when  a  con- 
tinuous voltage  is  applied  to  the  ends  of  the  tube  which  exceeds  a 
certain  limit.*^ 

The  tube  when  cold  offers  a  high  resistance,  and  this  appears  to 
reside  chiefly  at  the  negative  mercury  electrode.  If,  however,  a  high 
voltage  is  momentarily  applied,  the  resistance  falls,  and  a  moderate 
voltage  of  50  or  100  volts  will  then  maintain  a  current  of  several 
amperes  through  the  tube,  provided  the  tube  has  a  sufficient  diameter. 
When  a  certain  current  passes,  the  mercury  vapour  glows  brilliantly 
with  a  bright  greenish  light.  The  efficiency  of  the  device  as  a  source 
of  light  is  high.  A  tube  taking  3  amperes  at  60  volts  will  emit  a 
light  of  180  candles,  and  has  therefore  an  efficiency  of  0'5  watt  per 
candle. 

If  a  mercury  vapour  lamp  has  its  terminals  shunted  by  a  con- 
denser in  series  with  an  inductive  resistance,  and  a  high  voltage  is 
appUed  to  the  terminals  of  the  tube,  the  result  is  to  excite  electrical 
oscillations  in  the  condenser  circuit,  including  the  condenser,  in- 
ductance, and  tube.  Assuming  the  voltage  to  be  alternating,  the 
operations  are  as  follows : — 

As  the  voltage  rises  from  zero  the  condenser  becomes  charged, 
but  the  mercury  vapour  tube  does  not  conduct.  At  a  certain  critical 
voltage  the  resistance  of  the  mercury  vapour  suddenly  disappears  or 
falls  greatly,  and  a  current  passes  through  it.     The  condenser  then 

••  V.  Poulaen  (see  British  Patent  Specification,  No,  15599  of  1908)  has  pro- 
poeed  the  employment  of  a  oarbon  arc  in  an  atmosphere  of  hydrogen  snunted  by 
a  condenser  and  inductance  ae  a  means  of  obtaining  electric  oscillations.  He  also 
suggests  the  use  of  arcs  in  parallel  as  a  means  of  increasing  the  power,  but  it  is 
not  obvious  that  the  oscillations  of  the  individual  arcs  will  be  in  synchronism. 
See  also  Science  Abstracts,  toI.  8,  A.,  p.  521,  abstract  1620. 

"  A  general  description  of  the  phenomena  connected  with  the  arc  discharge  in 
mercury  yapour  has  been  given  by  Mr.  H.  P.  Wills,  in  a  paper  on  the  '*  Conduc- 
tion of  Electricity  in  Mercury  Vapour,"  in  the  Physical  Review  for  August,  1904, 
vol.  xix.  p.  66 ;  see  also  a  paper  by  P.  C.  Hewitt,  Electrical  World  and  Engineer 
of  New  York,  April  27, 1901,  p.  679. 
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discharges  through  this  low  resistance  with  oscillations,  and  when 
the  voltage  again  falls  below  a  certain  value,  the  mercury  vapour 
ceases  to  be  a  good  conductor,  and  becomes  of  high  resistance  until 
the  voltage  rises  again  and  the  process  repeats  itself.  Owing  to  this 
high  initial  resistance,  it  requires  about  5000  volts  alternating  to 
maintain  a  current  of  2  amperes  through  a  tube  which  will  take  the 
same  current  at  100  volts  continuous.**  Based  on  these  facts,  Mr. 
Cooper  Hewitt  has  devised  a  mercury  vapour  current  interrupter,  as 
follows : — 

A  large  glass  bulb  about  8  or  10  inches  in  diameter  has  a  pair  of 
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Fig.  64. — Mode  of  employing  the  Cooper-Hewitt  Mercury  Vapour  Current  Inter- 
rupter in  place  of  a  Spark  Gap.  B,  vacuous  glass  bulb  containing  mercury 
vapour ;  |?,  p,  mercury  electrodes ;  A,  alternator ;  Tj.  transformer ;  C,  C, 
condensers ;  L,  inductance. 

tubular  extensions  with  platinum  wires  sealed  in  at  the  bottom. 
These  tubes  are  partly  filled  with  mercury  (see  Fig.  64).  The  globe 
is  highly  exhausted  of  air,  and  contains  only  mercury  vapour.  It  may 
be  put  in  a  vessel  of  oil  to  keep  it  cool. 

The  platinum  terminals  are  connected  to  a  high  voltage  low 
frequency  circuit,  such  as  the  secondary  terminals  of  a  20,()00-volt 

"  See  Science  Abstracts,  1904,  vol.  7,  A.,  p.  847;  also  British  Patent  Specifi- 
cation, P.  Cooper  Hewitt,  No.  9206  of  1908 ;  also  Electrical  World  of  New  York, 
Feb.  21,  1908,  vol.  41,  p.  316,  and  Electrical  Review  of  New  York, -Feb.  21,  1903, 
vol.  42,  p.  264. 
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iransformer,  and  the  terminals  are  also  shunted  by  a  condenser  and 
an  inductance,  which  may  be  the  primary  circuit  of  an  oscillation  or 
high  frequency  induction  coil.  When  the  low  frequency  voltage  is 
turned  on,  the  mercury  vapour  between  the  electrodes  is  a  non- 
conductor imtil  the  voltage  reaches  a  certain  high  value,  say  10,000  or 
15,000  volts.  The  bulb  then  suddenly  becomes  a  good  conductor  due 
to  the  disappearance  of  the  cathode  resistance.  Then  the  condenser 
discharges  with  oscillations  and  the  voltage  drops.  At  a  certain  low 
voltage  which  can  be  adjusted,  the  cathode  resisCftnce  again  reappears 
and  the  bulb  ceases  to  conduct.  Hence  it  acts  like  a  spark  gap,  but 
with  much  greater  regularity.  The  behaviour  of  the  interrupter  as  a 
substitute  for  a  spark  gap  in  producing  the  oscillatory  discharge  of 
a  condenser  has  been  investigated  by  Professor  G.  W.  Pierce  of  Harvard 
University.  He  employed  one  of  the  double-pool  mercury  type  of 
Cooper-Hewitt  bulbs,  and  considered  its  application  especially  to 
wireless  telegraphy.*  He  operated  with  alternating  currents,  and 
found  that  several  discharges  may  occur  within  a  single  half  period 
of  the  transformer  current.  Thus  with  15,000  volts  and  a  capacity  of 
0*117  mfd.  one  or  two  discharges  per  half  period  were  obtained. 

With  a  small  capacity  of  about  0*001  mfd.  and  the  same  voltage 
over  200  discharges  per  half  period,  that  is,  in  y^^  of  a  second,  were 
produced.  The  complete  discharges  were  separated  only  by  yo^tto 
of  a  second. 

The  discharges  of  this  particular  interrupter  always  began  at 
7070  volts,  and  the  condenser  was  left  charged  at  about  1600  volts, 
sometimes  positive  and  sometimes  negative. 

It  was  found  that  the  resistance  of  the  interrupter  decreased  with 
increasing  capacity  (C)  and  decreasing  inductance  (L)  in  the  oscillatory 
circuit,  and  varied  from  0*127  ohm  for  L  =  0000011  henry  and 
C  =  0117  mfd.,  to  0-598  ohm  for  L  =  0*00142  henry  and  C  = 
0-073  mfd. 

The  mercury  interrupter  seems  to  act,  therefore,  as  a  very  low 
resistance  air  gap,  but  with  much  greater  uniformity.  On  the  other 
hand,  attempts  to  use  it  for  large  powers  have  not  been  very 
successful. 

To  sum  up,  we  can  hardly  say  at  present  that  the  problem  of 
producing  very  high  frequency  electric  oscillations  of  any  considerable 
power  in  continuous  trains  has  been  solved  in  a  satisfactory  manner. 

It  is,  however,  in  the  direction  of  the  above-described  phenomena 
in  connection  with  high  pressure  arcs  and  discharges  in  mercury 
vapour  that  we  may,  perhaps,  look  for  a  solution. 

»•  See  G.  W.  Pierce,  "Oil  the  Cooper-Hewitt  Mercury  Interrupter,"  Proc, 
Amtr,  Acad,  of  Science,  1904,  vol.  89,  No.  18,  p.  889.  Also  Science  Abstracts, 
▼oL  7,  A.,  p.  846. 


CHAPTER  II 
IIIOH  FREQUENCY  ELECTRIC  MEASUREMENTS 

1.  The  Essential  Difference  between  High  and  Low  Freqaenoy 
Eleetric  Measurements.    High  Freqaenoy  Eleotrio  Resistanoe.— 

The  measurement  of  high  frequency  electric  currents  and  potentials 

and  other  specific  qualities  of  electric  conductors  and  insulators,  when 

subjected  to  the  action  of  electric  oscillations,  to  a  considerable  extent 

calls  for  the  employment  of  special  instruments  and  methods.     The 

processes  and  means  used  for  the  measurement  of  low  frequency 

alternating  electric  currents  and  potentials  are  not  always  applicable 

or  correct  if  applied  in  high  frequency  measurements.     The  cardinal 

reason  for  the  difference  between  the  two   cases  is  to  be  found  in  the 

fact  that  a  high  frequency  current  does  not  penetrate  into  the  interior 

of  a  thick  solid  metallic  conductor  of  good  conductivity,  but  is  a 

surface     effect.       Furthermore,    inductances    and    condensers     act 

towards  high  frequency  currents  in  a  manner  quite  different  from 

that  in  which  they  act  towards  continuous  or  low  frequency  currents. 

A  coil  of  wire  of  many  turns  may  act  as  an  almost  complete  barrier 

to  electric  oscillations,  and,  on  the  other  hand,  a  condenser  which, 

when  interposed  in  a  circuit,  will  either  prevent  or  reduce  the  flow  of 

a  continuous  or  low  frequency  current  may  actually  increase  the 

current  if  inserted  in  a  high  frequency  circuit. 

As  we  are  much  concerned  when  dealing  with  electric  oscillations 
with  the  resistance,  inductance,  and  capacity  of  circuits  in  which 
rapidly  reversed  electromotive  forces  exist,  it  is  necessary  to  consider 
in  the  first  place  the  manner  in  which  these  quaUties  are  affected  by 
the  frequency. 

Every  electric  circuit  consists  of  a  so-called  conductor,  immersed 
in  an  insulating  material  or  non-conductor.  When  traversed  by  an 
alternating  current  there  are  five  qualities  of  the  circuit  to  be 
considered : — 

(i)  The  resistance,  or  reciprocally  the  rmuhidanc^  of  the  conductor. 

(ii)  The  inductance  of  the  conductor,  depending  on  its  geometrical 
form,  material,  and  the  nature  of  the  surrounding  insulator. 

(iii)  The  capacity  of  the  conductor,  depending  on  its  position  with 
regard  to  the  return  circuit  and  other  circuits,  and  on  the  nature 
{dieUdric  consta/nf)  of  the  insulator  smrounding  it. 

(iv)  The  dielectric  conductance^  or  reciprocally  the  imndation  resistance 
of  the  insulator. 

(v)    The    energy    dimpcUing  power,    due    to    causes    other    than 
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conductance  (such  as  the  dieUdric  hysterem)  which  exist  in  the  insulator 
or  dielectric* 

The  resistance  of  a  circuit  may  he  defined  as  that  quality  of  it  in 
virtue  of  which  energy  is  dissipated  as  heat  when  a  current  flows 
through  it.  The  ordinary  volume  resistivity  is  the  resistance  per  imit 
cube,  i.e.  of  one  centimetre  cube  under  uniform  electric  current  flow 
between  opposed  faces. 

In  dealing  with  high  frequency  alternating  currents,  we  are, 
however,  presented  in  a  marked  degree  with  the  phenomenon  of  sldn 
w  mrfacf  remtance. 

When  a  conductor  is  acted  upon  by  an  alternating  electromotive 
force,  the  current  does  not  spring  into  existence  at  all  parts  of  the 
cross  section  of  the  conductor  instantly,  but  is  created  first  at  the 
surface  and  diffuses  inwards.'  The  mathematical  law  according  to 
which  this  diffusion  takes  place  is  the  same  as  that  which  controls 
the  penetration  of  magnetic  flux  into  an  iron  bar,  when  it  is  exposed 
to  a  magnetizing  force,  by  being  surrounded  by  a  coil  through  which 
a  current  is  passed. 

The  propagation  of  magnetic  flux  through  ferromagnetic  substance 
is  effected  by  a  process  which  is  in  every  way  analogous  to  the 
diffusion  of  liquids  into  one  another,  or  to  the  transference  of 
temperature  through  a  conductor — that  is,  as  Lord  Kelvin  has  called 
it,  to  the  thermometric  conductivity.^  These  two  last-named  processes 
are  mathematically  described  by  differential  equations  of  the  same 
form  as  those  which  determine  the  propagation  of  magnetic  flux,  or 
of  an  electric  current  into  a  conductor. 

In  the  case  of  magnetic  flux,  this  rate  of  diffusion,  as  Mr.  Oliver 
Heaviside  has  shown,  is  inversely  as  the  electric  conductivity  and 
inversely  as  the  magnetic  permeability  of  the  material. 

Consider  the  case  of  a  cylinder  of  iron  placed  parallel  to  the  lines 
of  flux  in  a  uniform  magnetic  field,  say  in  the  interior  of  a  long 
solenoid  traversed  by  a  current.  If  we  suppose  the  iron  suddenly 
introduced  into  the  uniform  field,  the  magnetic  flux  begins  to  penetrate 
into  it  through  its  surface,  and,  so  to  speak,  soaks  more  or  less  slowly 
into  the  mass. 

A  very  elegant  demonstration  of  this  fact  was  afforded  by  experi- 
ments described  by  Dr.  J.  Hopkinson  and  Professor  E.  Wilson  some 
years  ago.*    It  was  then  experimentally  proved  that  the  application 

'  Under  this  heading  we  must  also  include  such  sources  of  ener^  dissipation 
as  brush  discharges  through  the  air  over  the  surface  of  the  dielectric  or  between 
conductors. 

»  See  Stefan,  SiUungsherichte  der  Wiener  Akad.  der  Wisaenschaft,  1887, 
vol.  96,  part  ii.  p.  917 ;  also  Oliver  Heaviside,  **  Electromagnetic  Theory,"  vol.  i. 
p.  845,  et  seq. 

*  If  t;  is  the  temperature  at  any  point  having  abscissa  x  in  a  thin  rod  which 

has  a  thermal  conductivity,  /r,  and  a  thermal  capacity,  c,  then  the  well-known 

equation  of  Fourier  which  determines  the  temperature  at  any  place  and  time  is 

d^v       dv 
ki--^  =  c  , ,  assuming  the  constancy  of  h.    An  identical  differential  equation 

expresses  the  law  of  diffusion  of  liquids  or*  gases  and  the  propagation  of  electric 
potential  along  a  submarine  cable,  as  pointed  out  by  Lord  Kelvin.  See  Beport 
of  the  British  Associaiion,  1888,  p.  671. 

*  See  J.  Hopkinson,  "  Propagation  of  Magnetization  in  Iron,**  Journal  of  the 
Institution  of  Electrical  Engineers^  1895,  vol.  24,  p.  194. 
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of  a  magnetizing  force  to  a  cylinder  of  iron  resulted  in  the  slow 
propagation  of  the  magnetic  flux  into  the  iron  from  the  surface 
inwards,  and  it  was  pointed  out  that  the  time  required  to  establish 
the  practicaUy  steady  or  uniform  state  of  flux  in  the  iron  varied  as  the 
square  of  the  diameter  of  the  cylinder.  Hence  it  follows  that  if 
the  cylinder  of  iron,  or  any  other  conductor,  is  placed  in  a  rapidly 
alternating  magnetic  field,  the  magnetic  flux  never  quite  penetrated 
to  the  centre  of  the  mass  of  metal  if  its  diameter  exceeds  a  certain 
value.  The  alternation  of  magnetic  force  results  in  the  flux,  so  to 
speak,  being  recalled  before  it  has  time  to  establish  itself  throughout 
the  whole  mass  of  the  metal.  A  similar  effect  can  take  place  with 
heat.  If,  for  instance,  a  poker  is  placed  in  the  fire,  the  outer  surface 
heats  up  first,  and  after  a  certain  time  all  parts  of  the  cross-section 
of  the  poker  where  it  is  exposed  to  the  heat  come  to  very  nearly  the 
same  temperature.  If  it  is  then  removed,  the  outer  surface  cools 
first,  but  after  a  time  it  gets  cool  all  through.  If  it  is  heated  and 
cooled  alternately  and  rapidly,  it  will  be  hotter  on  the  surface  than 
in  the  middle.  The  heat  will  not  have  time  to  go  far  in  before  it  is 
compelled  to  return. 

Similarly,  if  an  electromotive  force  acts  upon  a  conductor,  the 
current  begins  at  the  surface  and  soaks  inwards.  If,  therefore,  the 
electromotive  force  is  periodic  or  alternating,  the  current  more  or  less 
is  confined  to  the  outer  skin  or  surface  of  the  conductor,  and  the 
higher  the  frequency  the  less  does  it  penetrate.  In  the  case  of  very 
high  frequency  currents,  if  the  conductor  is  a  fairly  good  conductor 
the  current  exists  in  a  mere  surface  layer  or  skin.  Accordingly  the 
resistance  as  measured  by  the  numerical  ratio  of  electromotive  force 
to  current  may  have  a  much  greater  numerical  value  in  the  case  of 
high  frequency  alternating  currents  than  in  the  case  of  steady  or  non- 
periodic  currents. 

We  have,  therefore,  to  distinguish  between  the  resistance  to  steady 
currents,  the  resistance  to  low  frequency  alternating  currents,  the 
resistance  to  very  high  frequency  currents,  and  a  fourth  case  presents 
itself  when  we  consider  damped  high  frequency  oscillations. 

Lord  Kelvin  has  given  a  formula  by  which  the  resistance  of  wires 
of  circular  cross-section  can  be  calculated  for  alternating  currents  of 
frequency  n.  Let  d  be  the  diameter  of  the  wire  and  p  the  steady  or 
ordinary  resistivity  of  the  material  of  which  it  is  made.     Then  let  q 

denote  the  function  irrf  v/  --,  and  let  the  expressions  l>n\  q  and  M,  q 

P 
stand  for  the  following  series : — 

Let  R  be  the  resistance  to  steady  currents  of  a  length  /  of  the  wire 
and  R'  the  resistance  of  the  same  to  alternating  currents  of  the 
frequency  n ;  then  Lord  Kelvin's  formula  is — 
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B! 


2  *     Jhi^y  +  ^W 


where  the  accents  denote  differential  coefficients.'^ 

Table  I.  shows  the  resistance  per  1000  yards  of  round  copper  wires 
of  stated  section  for  alternating  currents  of  frequency  100  calculated 
by  the  above  formulaB. 


TABLE  I. 

BSBISTAlirCB    OF    BOUND    GOPFBB    CONBUGTOBS    TO    AlTBBNATINO    OuBBENTS    OF 

Fbbqubncy  100. 


EquiTtlent  tret  In 

Sectional  are*  In  squMre 

ReefflUooe  in  ohms  per  lOOO  yards,  to— 

■trtnded  Gtble. 

Inches. 
0-0126 

GonUnuouB  cnrrents. 

Altematfaig  currents  of 
frequency  100. 

A 

1-974 

,  1-974 

it 

00225 

1-108 

1108 

A 

00861 

0-712 

0-712 

il 

00361 

0-712 

0-712 

H 

00624 

0-401 

0-401 

« 

00978 

0-267 

0-267 

W 

01646 

0-168 

0-166 

K 

0-2600 

0100 

0-1034 

fi 

0-1227 

0-204 

0-2041 

!I 

0-1913 

0-131 

01384 

?i 

0-8286 

0-077 

0-081 

?! 

0-4906 

0061 

0067 

?J 

0-8186 

0078 

0-082 

fi 

0-6886 

0-046 

0-062 

fi 

0-8167 

0-0806 

0-0891 

fi 

0-6364 

0-0886 

0-0458 

fi 

0-8111 

0-0806 

00891 

ft 

10000 

00250 

0-0860 

It  is  clear  from  the  above  table  that  for  low  frequency  currents, 
when  the  diameter  of  the  conductor  does  not  exceed  1  cm.,  the 
difference  between  the  steady  current  resistance  and  the  low  frequency 
alternating  current  resistance  is  insensible. 

It  is  quite  different,  however,  when  the  frequency  rises  to  100,000 
periods  per  second  or  higher. 

To  meet  this  last  case  Lord  Eayleigh  has  furnished  a  formula  for 
calculating  the  resistance  of  a  straight  wire  having  a  circular  cross 
section  traversed  by  an  alternating  current  of  known  frequency ;  the 
current  varying  according  to  a  simple  sine  law.* 

»  See  Journal  of  the  Institution  of  Electrical  Engineers  of  London,  1889,  vol.  18, 
p.  86,  Lord  Kelvin,  *'  Presidential  Address  on  Ether,  Electricity,  and  Ponderable 
Matter." 

•  See  Lord  Rayleigh  on  "The  Self-induction  and  Resistance  of  Straight 
Conductors,"  Philosophical  Magazine,  ser,  v.,  May,  1886,  vol.  21,  p.  381 ;  also 
J.  A.  Fleming,  *•  The  Alternate  Current  Transformer,"  vol.  i.  p.  294. 
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Let  B  be  the  resistance  of  any  straight  conductor  of  circular  cross- 
section  to  steady  currents,  let  I  be  its  length  and  ft  the  magnetic 
permeability  of  the  material  of  the  wire.  Lord  Bayleigh  showed 
that  the  resistance  B'  to  alternating  cturents  in  terms  of  B  and  the 
constants  can  be  expressed  by  the  series — 

R'  -  eTi  +  -t  ^'^^'  -    ^-.  P'^'^'  +  etc  )  (1) 

^"^^^12-B^      180      W^^^'J    '     '    ^^ 

where  jp  =  %r  times  the  frequency  n. 

When  dealing  with  non-magnetic  material  such  as  copper,  for 
which  /*  =  1,  we  have — 

If  the  conductor  is  a  circular  sectioned  imiform  wire  of  length 
/  and  diameter  d  made  of  a  material  of  resistivity  p,  then  -^  ~    ,72' 

Hence  w  =  .     and-Lr  =  -tt — . 
B      4p  B       2p  • 

Accordingly  we  then  have — 


B'  =  b( 


^  +  48p«  -  2880p^+ ^^'j    •     •     •     •     (3) 


The  above  series  is,  however,  not  suitable  for  the  calculation  of  B 
when  n  is  very  large,  as  it  is  too  slowly  convergent. 

To  meet  this  last  case,  Lord  Bayleigh  shows  Qoc.  di.)  that  the 
value  for  B'  for  very  high  frequencies  is  given  by  the  expression — 

R'  =  Vy[iIE (4) 

If  S  is  the  cross-sectional  area  of  the  conductor,  then — 

where  p  is  the  resistivity  or  the  ordinary  steady  specific  resistance. 

/2 

If  the  conductor  has  a  circular  section  of  diameter  d,  S  =  ^  j 

4 

we  have — 

R'  =  Rv/^^ (5) 

or    R'  =  R^^ (6) 

Furthermore,  if  the  material  of  which  the  conductor  is  made  is 
non-magnetic,  then  /a  =  1,  and  if  it  is  of  copper,  then  p  =  1640  at 
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ordinary  temperatures.     Hence,  for  nearly  straight  ofr  slightly  currrrl 
cirnilar-sertioned  cappei-  wires  we  have — 

K'  =  R^V« (7) 

The  above  formula  (7)  is  of  verj^  great  use  in  calculating  quickly 
the  high  frequency  resistance  R'  of  round  solid  copper  wires  of 
diameter  d  cms.  for  oscillations  for  any  frequency,  n,  of  the  order,  say 
of  10*.  Thus  the  resistance  of  a  No.  16  S.W.G.  copper  wire  0163 
cm.  in  diameter  for  oscillations  of  frequency  10*  is  6*5  times  greater 
than  its  ordinary  or  steady  current  resistance. 

Again,  consider  the  case  of  a  copper  rod  of  circular  section  and 
1  cm.  in  diameter.  Let  the  frequency  of  the  oscillations  be  10*. 
We  have  then  in  the  above  formula  (7)  to  put  rZ  =  1  and  n  =  10*. 
Then  Jn  =  lO^  and  R'  =  40R  nearly.  Hence,  for  this  frequency 
a  thick  copper  rod  may  have  an  effective  resistance  40  times  its 
steady  resistance.  This  rule,  however,  cannot  be  applied  to  stranded 
conductors,  as  then  the  current  is  more  or  less  independently  started 
in  each  separate  strand,  and  the  alternating  resistance  will  be  less 
than  that  given  by  the  above  formulae  for  solid  conductors. 

We  see,  therefore,  that  in  the  case  of  thick  solid  wires  a  serious 
error  may  be  committed  if  we  neglect  the  difference  between  the  high 
frequency  alternating  current  resistance  and  the  steady  resistance  in 
calculations  connected  with  electric  oscillations. 

There  is,  moreover,  a  small  additional  increase  if  the  high  frequency 
currents  consist  of  trains  of  damped  osnllaMom,  This  case  has  been 
considered  by  Dr.  E.  H.  Barton.'  He  takes  the  damped  oscillation 
to  be  represented  by  an  expression  of  the  form — 

*  =  A€-Mcosp/ (8) 

where  c  is  the  base  of  Napierian  logarithms  and  k  the  damping  factor. 
In  the  case  of  simple  harmonic  motion,  all  the  quantities  vary,  as 
e^P^  where  y  =  V  —  1,  but  for  damped  oscillatory  motion  they  vary  as 
cO'~*)/'.  If  we  take  R"  to  represent  the  resistance  of  the  conductor 
to  damped  oscillations,  and  E  as  before  for  the  steady  resistance,  then 
Dr.  Barton's  formula  for  R"  in  terms  of  R  is — 

R=R|l  +  -j2-.-^,-  +— 24-  . -R-- 180— •    WS    ^^^ 

If  we  put  k  =om  the  above  expression,  it  becomes  Lord  Rayleigh's 
formula. 

If  we  make  p  very  large  in  the  expression  (9),  and  write  5  for 

V^i  -j-  k'^y  and  cot  $  for  k,  or  cos  g  =  \/       o"^    ~  \/^~^'  ^®  ^®* 

'  See  Dr.  E.  H.  Barton,  "  On  the  Equivalent  Resistance  and  Inductance  of  a 
Wire  to  an  Oscillatory  Discharge,"  Proc,  Physical  Soc,  Lond.,  1899,  vol.  16,  p.  409, 
or  Phil.  Mag,,  1899,  ser.  v.  vol.  47,  p.  433. 
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4p/ 
but  since  R  =  ^,  we  have — 


W  =  ^Pf^^s\s  +  k) (10) 


The  expression  (10)  only  diflFers  from  that  given  by  Lord  Rayleigh 
(6)  by  the  factor  s\s  +  k).  When  k  =  o,  s  =  1,  and  the  factor  becomes 
unity. 

The  product  kp  is  the  same  as  that  v^hich  in  a  previous  section 

R 
(see  section  2,  Chapter  I.)  we  have  called  a,  and  is  equal  to  or   ^^^ 

R 
the  circuit  considered.     Hence  k=:  ^j^,  or  k  is  half  the-  ratio  of 

resistance  to  reactance.    Also  since  2«8  =  a  (see  equation  3,  Chap.  I. 

§  1),  where  S  is  the  logarithmic  decrement,  we  have  8  =  kir. 

In  calculating  the  value  of  k  we  ought  properly  to  take  half  the 

ratio  of  the  augmented  or  high  frequency  resistance  to  the  reactance. 

But  as  lip  for  high  frequency  is  always  very  much  greater  than  either 

R,  R',  or  R",  it  does  not  much  matter  which  value  of  the  resistance  we 

take.     Thus,  if  «  =  10*,  and  p  =  2irlO«,  and  if  R  =  1  ohm,  and  L  =  1 

R  1  1 

millihenry,  then  k  =  — — -  =  7— r:,  or  nearly  ^^t^^^,  and  even  if  we 
2L©      47rlO*  12000 

R'         1 
take  R'  as  fifty  times  R,  we  have  /;  =  ^^  -  =  --- ,  so  that  k  is  still  a 

^  '  2Lp_   240 

small  fraction.  Accordingly,  since  s  =  ^1  ^  ]^  s  is  always  very  near 
to  unity,  and  ,s^s  +  k)  is  also  near  to  unity  in  value,  for  most  cases 
likely  to  arise  in  practice. 

The  ratio  of  R"  to  R'  is  therefore  generally  near  unity,  although 
the  ratio  of  R'  to  R  may  be  very  large. 

In  general,  therefore,  we  may  take  Lord  Rayleigh's  formula  as 
having  greater  simplicity,  and  say  that  when  we  are  considering 
circular-sectioned  conductors  of  diameter  d,  made  of  non-magnetic 
material  of  specific  resistance  p,  the  ratio  of  the  resistance  R'  of  a 
conductor  for  high  frequency  currents,  the  frequency  n  being  of  the 
order  of  a  million,  is  to  its  steady  resistance  R  in  the  ratio  expressed 
by  the  equation — 


l-fs/l TO 


When  we  are  dealing  with  magnetic  metals  this  concentration  of 
an  alternating  current  at  the  surface  of  a  conductor,  or  so-called  skin, 
effect  is  very  marked,  even  for  quite  low  frequencies. 

In  the  case  of  an  infinite  flat  plate  of  thickness  2A,  traversed  by  an 
alternating  current  of  frequency,  w,  in  a  direction  parallel  to  the  plane 
of  the  plate,  Professor  J.  J.  Thomson  has  shown  that  the  current 
amplitude  decreases  from  the  surface  inwards  in  geometrical  pro- 
gression as  the  distance  from  the  surface  increases  in  arithmetic 
progression.  Also  if  a;  be  the  distance  of  any  point  from  the  surface, 
the  rate  at  which  the  maximum  values  of  the  alternating  current  at 
successive  points,  taken  inwards  from  the  surface,  decay  is  determined 
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by  a  decay  factor  ^v^^^,  where  /x  is  the  magnetic  permeability,  p 

the  electric  resistivity,  and  n  is  the  frequency. 

If  we  consider  a  plate  of  iron  for  which  p  =  10*  in  C.G.S.  miits, 
p.  =  say  1000,  and  adopt  a  frequency  of  100  =  »,  then  the  decay 
factor  is  nearly  20.  Hence,  at  a  depth  of  0*5  mm.  from  the  surface, 
the  maximum  value  of  the  current  during  its  period  will  be  only 

g  =  0-368  of  its  value  at  the  surface,  and  for  other  depths  as  follows : — 

Maximum  valne  of  the  alteniAUng 
current  at  that  point  expressed  a« 
Distance  in  milUmetres  of  point  percentage  of  the  maximum  value 

fh>m  Burfsce  of  plate.  at  the  surfaoe. 

At  surface 100-0 

0-6  below 36-8 

10     , 18-5 

20      , 1-8 

80      „  0-25 

The  corresponding  percentage  values  for  copper  would  be  about 
13  times  greater. 

Hence,  in  the  case  of  iron,  when  employing  alternating  currents 
of  a  frequency  of  100,  the  current  practically  penetrates  only  about 
2  mms.  into  the  surface.  In  the  case  of  copper  the  practical  penetra- 
tion would  be  about  26  mms. 

If,  however,  instead  of  employing  alternating  currents  of  a 
frequency  of  100,  we  are  deahng  with  electrical  oscillations  having  a 
frequency  expressed  in  milUons,  then  the  "  skin  "  or  used  portion  of 
the  metallic  circuit  may  be  less  than  ^  mm.  in  thickness. 

Accordingly,  the  specific  resistance  of  the  material  of  which  the 
discharge  circuit  is  made  becomes  of  little  consequence,  the  whole 
effects  are  determined  by  the  frequency  and  inductance,  which  latter 
in  turn  depends  upon  the  geometric  form  of  the  circuit.  An  experi- 
mental proof  of  the  above  statement  can  be  obtained  by  the  use  of 
the  author's  cymometer  (see  Chap.  VI.). 

Professor  J.  J.  Thomson  has  calculated  (see  "  Eecent  Eesearches 
in  Electricity  and  Magnetism,"  p.  281)  that  for  electrical  oscillations 
having  a  frequency  of  10*  the  thickness  of  the  conducting  skin  for 
soft  iron  is  about  ^^  mm.,  and  for  copper  about  -^  mm.  In  these  cases 
there  is  a  concentration  of  the  current  at  the  surface,  and  the  outer 
layers  of  the  metal  are  for  a  short  time  carrying  current  at  a  current 
density  which  would  suffice  to  melt  the  conductor  if  that  current 
density  was  the  same  at  all  parts  of  the  section. 

It  is  important  to  notice,  however,  that  the  formulae  which  have 
just  been  given  for  the  resistance  of  a  wire  to  high  frequency  currents 
only  apply  to  wires  which  are  straight  or  bent  into  curves  with  radius  of 
curvature  large  compared  with  the  diameter  of  the  wire.  The  expres- 
sions given  by  Lord  Eayleigh  (see  equations  (3),  (4),  and  (7))  do  not 
apply  to  spirals  which  are  formed  of  turns  of  wire  close  together  or 
wound  on  mandrils  of  small  diameter  compared  with  the  diameter  of 
the  wire.  The  reason  for  this  is  as  follows :  When  a  wire,  say,  of  circular 
cross-section,  conveys  a  current  there  is  a  magnetic  field  not  only  outside 
the  wire  but  within  the  wire.  If  the  field  is  alternating,  we  must 
think  of  this  interior  field  as  composed  of  self-closed  lines  of  magnetic 
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flux  which  are  expanding  and  contraeting  rapidly.  They  thus  pulsate 
in  and  out  of  the  wire,  and  create  electromotive  forces  in  the  wire 
parallel  to  the  axis.  If  the  closed  interior  lines  of  magnetic  flux  are 
symmetrically  placed  with  regard  to  the  central  axis  of  the  wire,  these 
longitudinal  electromotive  forces  balance  each  other.  If,  however, 
the  interior  field  is  not  symmetrical,  then  there  is  a  tendency  to 
produce  eddy  currents  in  the  wire,  due  to  unbalanced  interior 
electromotive  forces,  and  these  dissipate  energy.  Hence  the  energy 
dissipation  for  a  given  field,  that  is,  for  a  given  current,  is  greater  in 
the  case  of  an  unsymmetrical  interior  pulsating  magnetic  field,  and 
the  wire  accordingly  has  a  greater  equivalent  or  effective  resistance. 
Not  only,  therefore,  has  the  wire  a  greater  effective  resistance  due  to 
the  concentration  of  the  current,  that  is,  the  field,  at  the  surface  of 
the  wire,  but  it  may  have  an  increase  on  this  increase  in  resistance  if 
that  current  distribution  is  unsymmetrical  with  regard  to  the  axis  of 
symmetry  of  the  wire.  This  can  be  prevented  by  constructing  the 
wire  of  fine  insulated  wires  laid  paralled  to  each  other  and  lashed 
together.  In  all  those  cases  in  wMch  a  circuit  has  to  be  constructed, 
the  true  effective  resistance  of  which  has  to  be  known,  it  is  advisable 
not  to  use  a  roimd  solid  wire,  even  if  we  can  apply  to  it  the  Bayleigh 
formula  to  ascertain  its  effective  from  its  true  ohmic  resistance.  It  is 
better  to  construct  the  circuit  or  coil  of  stranded  wire  made  of  strands 
of  silk-  or  cotton-covered  No.  40  S.W.G.  wire. 

2.  Inductance  of  Ck>ndactoP8  for  Yarions  Frequencies.— The 
inductance  of  an  electric  conductor  may  be  defined  to  be  that  quahty 
of  it  in  virtue  of  which  energy  in  a  magnetic  form  is  stored  up  in 
connection  with  the  circuit  when  a  current  is  flowing  in  it.  Thus,  if 
at  any  instant  there  is  a  current  t  in  a  circuit,  the  magnetic  energy 
associated  with  it  is  represented  by  ^Li^,  where  L  is  the  inductance 
of  the  conductor.  It  will  be  seen,  therefore,  that  L  and  i  enter  into 
the  expression  for  the  magnetic  energy  of  a  current,  just  as  mass,  M, 
and  velocity,  v,  enter  into  the  expression  JMt;*  for  the  kinetic  energy  of 
a  moving  body. 

It  follows  from  this  that  the  rate  at  which  ^Li^  is  changing  with 
time  is  the  rate  at  which  magnetic  energy  is  being  stored  up  in  the 
circuit,  and  must  therefore  be  equal  to  the  product  of  the  current 
and  impressed  electromotive  force,  less  the  rate  at  which  energy  is 
being  dissipated  as  heat. 

Now  jP^-I^  =  ^     •    •    •    •    (12) 

Hence  if  B  is  the  instantaneous  impressed  electromotive  force,  we 
must  have — 

Et  -  B£'  =  Lif 

(U 


or    Lf +  Rt  =  E 
at 

or     |-(Lt)  +  Ri  =  E (13) 
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Therefore,  by  Faraday's  law  of  induction,  the  quantity  hi  must 
represent  the  total  flux  due  to  the  current  itself,  which  is  Unked  with 
the  circuit.  Accordingly  we  arrive  at  a  second  definition  of  inductance, 
L,  which  is  that  the  inductance  of  a  circuit  is  the  total  self-linked 
magnetic  flux  when  unit  current  flows  through  the  circuit. 

The  practical  unit  of  inductance  is  called  the  henry,  and  one  henry- 
is  defined  to  be  the  inductance  of  a  circuit  which  has  linked  with 
itself  a  total  magnetic  flux  of  one  weher  (10*  lines  or  100,000  kiloUnes) 
when  a  current  of  1  ampere  flows  through  it. 

The  dimensions  of  an  inductance  on  the  electro-magnetic  system 
of  measurement  is  a  length.  Hence  the  absolute  unit  of  inductance  in 
the  electro-magnetic  system  of  measurement  and  in  the  centimetre, 
gramme,  second  system  (C.G.S.)  is  one  centimetre.  One  henry  is  equal 
to  10^  cms.,  and  hence  one  millihenry  is  10*  cms,  and  one  microhenry  is 
1000  cms. 

We  shall  chiefly  be  concerned  in  this  treatise  with  small  induct- 
ances which  it  is  convenient  to  measure  in  centimetres  or  in  milli' 
henrys. 

Another  way  of  regarding  the  subject  is  as  follows :  We  may  think 
of  the  current  in  a  conductor  as  made  up  of  a  large  number  of 
filamentary  currents  flowing  in  the  same  durection.  These  similarly 
directed  currents  attract  one  another.  Hence  to  separate  them  all 
to  an  infinite  distance,  and,  so  to  speak,  take  the  main  current  to 
pieces,  requires  an  expenditure  of  energy. 

The  energy  which  must  be  expended  to  do  this  is  the  equivalent 
of  the  kinetic  energy  possessed  by  the  whole  original  current,  and  this 
is  therefore  called  the  potential  of  the  current  on  itself.  If  we  con- 
sider two  elements  of  length  of  the  circuit,  viz.  ds  and  (U,  which  make 
an  angle  0  with  each  other  and  are  situated  at  a  distance  r  then  it  can 

ds  d^ 
be  shown  that  the   expression  ~ —  cos  0  represents  the  potential 

energy  of  these  elements  when  each   is  traversed  by  unit  current. 

Hence  to  obtain  the  whole  potential  energy  of  the  circuit  with  respect 

to  itself,  which  is  the  same  thing  as  the  inductance,  we  have  to 

[  [ds  ds' 
calculate  the  value  of  the  double  integral  L  =  /  / cos  0  for  every 

pair  of  elements.  The  proof  of  this  formula  (due  to  Nemnann)  is 
given  in  every  standard  treatise  on  electricity  and  magnetism;  e,g, 
"  Maxwell's  Electricity  and  Magnetism,"  2nd  ed.  vol.  ii.  §  423  and 
§  524 ;  also  Deschanel's  "  Nat.  Phil.,"  part  iii.,  rewritten  by  Everett, 
p.  194,  §  263. 

In  its  application  we  have  to  take  into  account  the  surface  or  skin 
distribution  of  high  frequency  currents  already  explained.  Hence 
when  we  are  dealing  with  steady  or  low  frequency  alternating  currents, 
the  current  may  be  considered  to  be  uniformly  distributed  over  all 
parts  of  the  cross-section  of  the  conductor,  and  the  inductance 
calculated  on  this  assumption  is  called  the  ordinary  or  low  frequency 
inductance.  If,  however,  we  are  concerned  with  high  frequency 
currents,  then  the  current  is  wholly  concentrated  on  the  surface  or  on 
the  skin,  and  the  inductance  calculated  on  this  distribution  is  called 
the  high  frequency  inductance.  This  last  is  always  less  than  the  low 
frequency  inductance. 
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Lord  Bayleigh  has  given  a  formula  for  the  relation  between  the 
two  inductanoes  for  certain  forms  of  nearly  straight  conductors.^ 

If  L  is  the  low  frequency  or  steady  current  inductance  of  a 
conductor  of  length  /,  and  V  is  the  inductance  for  alternating  currents 

of  simple  sine  form  and  frequency,  n  =  — ,  then  Lord  Bayleigh  shows 
{Joe.  rii.)  thath- 

where  /i  is  the  permeability  of  the  material  and  B  is  the  steady  current 
resistance. 

In  the  above  formula  A  is  a  constant  depending  upon  the  position 
of  the  return  conductor. 

Lord  Bayleigh  also  shows  that  when  the  frequency  is  very  high, 
the  above  expression  takes  the  form — 

B' 
or    L'  =  /A  +  " (15) 

since  by  (4)  we  have  B'  =  Vi;?/ftB. 

When  the  frequency  is  infinite,  the  value  of  L'  tends  to  a  limit,  /A. 
Hence  the  constant  A  is  the  inductance  of  the  conductor  per  unit  of 
length  for  infinitely  great  frequency. 

On  the  other  hand,  if  we  put  n  =  0  or  j?  =  0  in  the  expression  (14) 
above,  we  have  the  value  of  the  inductance  (L)  for  steady  or  non- 
periodic  currents.     Hence — 

L  =  /(A  +  i,.) 

^'  ^=(t-S) (1^) 

Finally,  if  we  write  L„  for  the  inductance  at  infinite  frequency 
and  L'  for  the  inductance  at  a  high  frequency,  n,  we  have — 

^'=^-^L •  •  (17) 

If  p  is  the  resistivity  of  the  material,  then  B  =  —  where  a  is  the 
cross-section  of  the  conductor.     Hence  from  (15)  and  (16)  we  have — 

I/-<T-^+V^) (18) 

Furthermore,  if  the  material  is  non-magnetic,  /a  =  1,  and  then — 

*  See  Lord  Bayleigh,  "  On  the  Self-induction  and  Resistance  of  Straight  Con- 
ductors," Phil,  Mag,,  May,  18S6,  ser.  v.  vol.  21,  p.  881. 
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If  the  section  of  the  conductor  is  circular  and  of  diameter  d,  then 
S  =  ""f  and— 

'^'  =  ^-'2+Wn (20) 

The  formulsB  (18),  (19),  and  (20)  afford  means  for  calculating  the 
inductance  L'  of  a  nearly  straight  circular-sectioned  wire  of  length  / 
diameter  d  and  resistivity  p,  for  high  frequency  currents  of  frequency 
n,  when  we  know  the  low  frequency  inductance  L. 

The  formula  (17)  gives  L'  in  terms  of  the  inductance  L*  for  an 
infinite  frequency. 

It  is  sometimes  convenient  to  calculate  L'  from  (17)  and  some- 
times from  (20). 

If  we  use  copper  wire,  p  =  1640  or  ^Jis  nearly  40,  and  then — 


^'  =  ^-<|-wJ C21) 


Suppose,  as  before,  that  d  =  1  and  n  =  10^,  then  the  quantity  in  the 
bracket  is  equal  to  jfl,  or  nearly  0*6.  Hence,  in  this  case,  if  we 
deduct  half  the  length  of  the  wire  in  centimetres  from  the  value  of  the 
steady  current  inductance  L,  we  have  the  high  frequency  inductance  L'. 

For  such  circuits  as  are  usually  employed  in  high  frequency  work 
the  difference  between  the  two  inductances  is  only  at  most  a  few  per 
cent.,  whereas  the  ratio  between  the  two  resistances  may  be  very 
large. 

Dr.  Barton  has  also  considered  the  question  of  the  inductance  of 
a  conductor  under  damped  high  frequency  electric  oscillations.  Taking 
into  account  the  decay  factor,  he  shows  that  the  inductance  L"  for 
simple  periodic  but  decadent  oscillations  of  frequency,  w,  is  to  the 
steady  inductance  L  in  the  ratio  given  by — 

h"  =  lU+JU^-  P±^^-^  .  flfl^K^-Df^y  etc.  )  1(22) 
^    ^^^^^6    K         48  W  45        K'    '        Jr^ 

where  k  is   the  damping  factor,  and  A,  as  before,  has  the   value 

f  %  —  ^j.*    If  we  put  ^  =  0  we  have  Lord  Eayleigh's  expression  (48). 

If  p  is  very  large  the  above  expression  reduces 


L"  =  i(A  +  ^RM*'eoB|)      ....    (23) 


Ip 

where  cot  0  =  k  and  s  =  VI  +  ^  as  before. 

If  k  =  0,  the  above  expression  (23)  becomes  identified  with  (16), 

0  /s4-k 

that  given  by  Lord  Kayleigh;    since,  then,  cos  ^  =  \/'^-     ^^ 

*  See  Dr.  E.  H.  Barton,  "  On  the  Equivalent  Besistanoe  and  Induotance  of  a 
Wire  to  an  Oscillatory  Discharge,"  Proc.  Phys.  Soc.  Lond.^  vol.  xvi.  p.  409,  or  Phil. 
Mag,,  1899,  ser.  v.  vol.  47,  p.  436. 
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already  shown,  A  =  -,  —  ^  ^^^  ^  "^  S  '     Hence  we  can  write  the 

above  expression  (23)  in  the  case  of  non -magnetic  materials  in  the 
form — 


L"  =  L-^|iV4i2rs('  +  ^)}  •  •  •  (^^) 


If  the  wire  is  circular-sectioned,  S  =  -ir,  and  we  have — 


I^"  =  ^-7  +  Ja/S-^  +  ^-) ^''^ 


This  last  equation  also  becomes  identical  with  Lord  Rayleigh's 
expression  (20)  when  k  =  0. 

Taking  the  two  formulas  for  the  high  frequency  resistance  R'  and 
the  high  frequency  inductance  L',  viz. — 

we  eliminate  ft  and  /  and  arrive  at — 

"V^-l TO 

Hence,  as  we  increase  the  frequency  from  zero  to  a  very  high  value, 
the  decrement  of  the  reactance  is  to  the  increment  of  resistance  in  the 
ratio  of  the  high  frequency  to  the  steady  or  zero  frequency  resistance. 
Again,  if  we  take  the  same  two  formulsB  for  the  high  frequency 
resistance  R'  and  inductance  L',  we  can  deduce  an  expression  for  the 
high  frequency  impedance  VR'-^+i^^^  which  is  often  required. 

For    R'  =  V^^ftR 

If  for  the  sake  of  simplicity  we  put  ft  =  1,  and  consider  only  a  non- 
magnetic circuit,  then  it  is  easy  to  show  that — 

R"^  -t-  /L^^=  K^  +  p^U  +  ^"  -  ^'  -  2^(R'  -  R)(R'  +  ^;L)     (27) 

If  R'  =  R  the  right-hand  side  reduces  to  its  first  two  terms  as  it 
should  do.  Accordingly,  the  high  frequency  impedance  greatly 
exceeds  the  impedance  for  steady  sinoidal  low  frequency  currents. 

3.  PredeteFinination  of  Induotance  for  Certain  Standard 
Forms  of  Circuit. — There  are  certain  forms  of  circuit  for  which  we 
can  predetermine  the  inductance  by  calculation.  Fortunately,  this 
can  be  easily  accompUshed  for  one  very  simple  form  of  circuit,  viz. 
a  rectangle  formed  of  round  wire,  the  diameter  of  the  wire  being 
small  compared  with  either  dimension   of   the   rectangle.      As  this 

H 
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calculation  illustrates  very  well  the  principles  on  which  inductance 

generally  is  calculated,  we  shall  give  it  in  full,  and  then  deduce 

certain  consequences. 

Suppose  that  two  rectangles  of  the  same  size,  made  of  infinitely 

fine  wire,  were  placed  with  sides  parallel  to  one  another.     If  both 

are  traversed  in  the  same  direction  by  unit  current,  we  can  calculate 

the    potential    energy  M  of    the  system   by  Neumann's  formula, 

f  filx  dx' 
M  =  /  I cos  0  where  dx  and  dix!  are  two  elements  of  length 

in  the  conductors,  r  their  distance,  and  0  the  angle  between  them. 

In  the  case  of  the  two  rectangles,  0  is  either  0  or  ^,  and  hence  cos  0 

is  either  1  or  0.  We  have  then  simply  to  take  all  possible  pairs  of 
elements  in  the  two  circuits,  divide  the  product  by  their  distance,  and 
sum  up  all  these  quantities.     Let  ABCD,  A'B'GTy  (Rg.  1)  be  the 


A  W E' 

Fia.  1.>-Mutual  Inductance  of  Two  Parallel  Rectangular  Circuits. 

two  rectangles.  Let  the  distance  between  their  planes  be  h,  and  let 
the  length  of  the  sides  AB,  A'B',  CD,  CD'  be  denoted  by  S,  and  that 
of  AC,  A'C,  BD,  B'D'  be  denoted  by  S'. 

We  consider  first  a  pair  of  elements  in  the  sides  AB,  A'B'  situated 
at  P  and  F.  Let  AP  =  «  and  AT'  =  a/,  and  the  length  of  these 
elements  be  dx  and  dx.  Then  for  this  pair  we  have  r  =  V(;c  —  x'f  +  b'^ 
and  cos  $  =  1. 

/■»  f         dxdx' 
Hence 


=  log?---^+-^^^-^>'+^.    (29) 
»        -  x'  +  -Jx-'  +  h^  ^    ^ 

Again,  it  is  easily  proved  that — 

Aog  (S~-^x  +  V(S"-  xf  +  If'yU 
=  -(S  -  ^)  log  (S  -  «  +  \^(S  -xf  +  i»)  +  ^/(S'r7)«+l^    (30) 
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But       S+VB^+y-  _/8+7S'  +  yy  (32) 


therefore     f  i^^  ^8  - 'O  +  ^8  -  ^)-  +  6^, 

=  2(81ogi±^^^±?-VSMr6.  +  j)     (33) 

This  last  expression  (33)  is  the  potential  of  AB  on  A^B\  To  obtain 
that  of  AB  on  Ciy  we  have  to  change  h  into  VS'*  +  6*,  and  then 
prefix  a  negative  sign,  since  then  the  currents  are  in  opposite 
directions.     We  obtain  thus  the  expression — 

-2fsiog§^L^E5±?—  VS»  +  S^^  +  *^  +VS'«+T^)    (34) 

Adding  together  (33)  and  (34),  and  doubling  the  sum,  gives  us  the 
whole  potential  of  the  two  pairs  of  sides  of  length  S. 

To  obtain  the  potential  of  the  sides  of  length  S'  we  exchange  the 
position  of  S  and  S'  in  the  above  final  expression,  and  finally  we 
obtain  an  expression  for  the  whole  potential  energy  M  of  the  two 
rectangles  as  follows : — 

M  =  4|S  log  (S+VSMTqVS-^T^^     g..      (S-+VSN^)^SM^- 
I       ^    (S  +  VS«  +  S'*'+&«)6  (S'+VS^-^  +  S'  +  ^'O* 

+  2 VS«  +  S'«  +  «>«  -  2 VS'^lWi^  -  2 VSM^  +  2^>|    (35) 

To  obtain  the  inductance  of  the  rectangle  we  have  to  consider 
that  h  is  small  compared  with  S  or  S',  and  we  have  then  to  substitute 
for  h  the  geometric  mean  distance  of  ail  the  filaments  of  current  com- 
posing the  actual  current  in  the  wire.*®  As  the  case  considered  is 
that  of  a  wire  of  circular  cross-section  and  a  surface  distribution  of 
current,  we  have  to  take  for  h  the  geometric  mean  distance  of  all 
points  on  the  circumference  of  a  circle.     This,  as  Maxwell  shows,  is 

a  length  equal  to  the  radius  ^  of  the  wire  section. 

Making  this  alteration  in  the  formula  (35),  we  have  as  an 
expression  for  the  high  frequency  inductance  of  the  rectangle  the 
expression — 

>*  For  the  definition  of  the  term  geometric  mecm  distance  (G.M.D.),  see 
MaxweU'B  **  Treatise  on  Electricity  and  Magnetism,*'  2nd  ed.  vol.  ii.  p.  298. 
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L'  =  4{(S  +  SO  log.  1^'  _  s  log.  (S  +  7SM^S^ 

-S' log. (S'  +  VSM^^  +  2VS''  +  S'»'-  2(S  +  S-)}    (36) 

If  we  call  the  sides  of  the  rectangle  A  and  B  and  the  diagonal 
D  =  VA'  +  B',  and  use  ordinary  logarithms,  we  can  write  the  above 
formula  in  the  form  most  suitable  for  calculation,  as  follows : — 

L'  =  9-2104{(A  +  B)  log,.  ^-  -  A  log,.  (A  +  D)  -  B  log„  (B  +  D) 


A  +  B-D 
11513 


} (36«) 


Let  us  then  oonsider  some  special  cases.  If  S  =  S',  the  rectangle 
becomes  a  square,  and  the  high  frequency  mductance  of  a  square 
circuit  of  side,  S,  is — 

L'  =  8SJlogc^|-loge(l+^^2)+^2-2}.     .     (37) 

This  can  be  thrown  into  the  form — 

L'  =  2Zhogc^^-- 2-853) (38) 

where  I  is  the  perimeter  of  the  square  and  d  the  diameter  of  the 
wire  of  which  it  is  made.  If  we  use  ordinary  logarithms,  the  formula 
becomes — 

L'  =  2/  (  2-3026  logio  H  -  2-853  )  .     .     .     .    (39) 
or  if  A  is  the  side  of  the  square  in  centimetres — 

L' =  8Ar  2-3026  logio?^- 2-853)    .     .     .     (39a) 

Again,  if  in  formula  (36)  we  put  S'  very  small  compared  with  S, 
that  is,  consider  g  can  be  neglected  in  comparison  with  tmity,  we 
have — 

L'  =  4Slogc^ (40) 

This  is  the  expression  for  the  high  frequency  inductance  of  a  pair 
of  round  parallel  wires,  each  of  length  S,  separated  by  a  distance  S', 
each  wire  having  a  diameter  (L     Let  I  stand  for  the  united  length  (lead 

and  return)  of  the  two  wires,  each  having  a  length  ^i  and  let  D  be 

their  distance  apart,  we  can  put  the  above  formula  in  the  form — 

L'  =  2/(log.^J^) (41) 
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or,  using  ordinary  logarithms — 

U  =  2/ (  2-3026  log,o-J^) (42) 

This  agrees  with  a  formula  given  by  Lord  Kayleigh,  and  also  by 
Maxwell,  with  the  difference  that  they  consider  the  low  frequency 
inductance,  and  we  are  considering  the  high  frequency  inductance. 

The  two  formulflB  for  the  inductance  for  infinite  frequency,  viz. — 

L'  =  2/  ('  2-3026  logio  ^^  -  2-863  )  for  a  square, 
and    L'  =  2/  f  2*3026  logio  —f  )  ^or  a  pair  of  parallel  wires, 

the  parallel  wires  being  near  together  and  short-circuited  at  the  far 
end,  are  of  great  use  in  practice,  because  these  circuits  can  easily  be 
formed  of  copper  wire  and  their  dimensions  accurately  measured,  and 
then  the  inductance  for  high  frequency  currents  calculated  by  the 
above  formulae  from  the  dimensions.  Again,  if  we  take  the  expression 
(33)  for  the  potential  of  two  filamentary  currents  at  a  distance  &, 

and  put  2  for  h  and  I  for  S,  we  have  the  expression — 


L'  =  2/(log.*|-l) (43) 


which  gives  us  the  high  frequency  inductance  for  a  circular-sectioned 
straight  wire  of  length  I  and  diameter  c?,  the  retmn  being  at  an  infinite 
distance.  Also  we  require  occasionally  the  value  of  the  inductance  of 
such  a  wire  bent  into  the  form  of  a  circle,  the  radius  of  this  circle 
being  large  compared  with  the  diameter  of  the  wire. 

It  is  not  difficult  to  show  that  the  high  frequency  inductance  L'  of 
this  circular  and  circular-sectioned  wire  of  diameter  d  and  perimeter  / 
is  given  by — 

L'=:2/(log.^^-2-46) (44) 

or    L' =  2/ ( 2-3026  logio^^- 2-45)    •     •     •     (45) 

The  proof  of  the  above  formula  is  given  in  the  author's  "  Hand- 
book for  the  Electrical  Laboratory  and  Testing  Eoom,"  vol.  ii. 
p.  174. 

It  should  be  noted  that  in  all  these  formulsB  for  high  frequency 
inductance,  (36)  to  (46),  we  have  calculated  really  the  inductance  for 
infinUe  frequency  (L«),  and  to  obtain  the  true  inductance  for  a  fre- 
quency w,  viz,  L',  accurately,  it  is  necessary  to  add  to  L«  the  quantity 

01   R'  being  the  high  frequency  resistance   calculated  by  Lord 

Eayleigh's  formula  (4),  corresponding  to  the  frequency  n  considered. 

Generally  speaking,  the  term  ^^  -  will  be  small  compared  with  Lx  ; 
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hence  no  great  inaccuracy  is  committed  by  taking  L«  to  represent 
the  high  frequency  inductance. 

i.  The  Practical  MeaBurement  of  Small  Inductances.— The 

inductances  with  which  we  are  concerned  in  practical  high  frequency 
work  are  generally  small,  that  is,  do  not  exceed  a  few  thousand  centi- 
metres or  a  few  microhenrys.  Hence,  methods  are  required  for  quickly 
and  accurately  determining  the  value  of  such  inductances.  There  is 
no  occasion  to  occupy  space  with  a  discussion  of  all  the  numerous 
methods  which  have  been  proposed  for  measuring  inductance.  For 
this  information  the  reader  must  be  referred  to  text-books  on  electrical 
measurements.  The  author  has,  however,  worked  out  in  detail  one 
very  convenient  method  for  measuring  small  inductances,  which  has 
been  found  to  be  most  useful  for  this  purpose.^^ 


Fio.  2. — Anderson-Fleming  Bridge  Method  of  measuring  Inductance. 

The  inductive  coil  L,  E  (see  Pig.  2),  or  circuit  of  which  the  induct- 
ance L  is  to  be  measured,  is  connected  to  a  Wheatstone*s  Bridge,  P, 
Q,  S,  in  the  usual  way,  and  a  plug  resistance  box,  capable  of  giving 
a  high  resistance,  r,  is  placed  in  the  bridge  circuit,  together  with  a 
condenser,  C,  as  described  by  Professor  Anderson.^^ 

The  condenser  may  consist  of  one  or  more  Leyden  jars,  or  prefer- 
ably a  condenser  made  of  sheets  of  ebonite  coated  with  tinfoil  placed 
in  oil,  and  the  capacity  of  this  condenser  must  be  very  accurately  deter- 
mined by  the  method  given  in  §  7  of  this  chapter.  In  the  bridge 
circuit  must  be  arranged  a  galvanometer,  G,  exchangeable  with  a 

"  See  J.  A.  Fleming  and  W.  C.  Clinton,  '*  On  the  Measurement  of  Small  Induct- 
ances and  Capacities,"  Phil.  Mag.,  May,  1903,  ser.  6,  vol.  6,  p.  493,  or  Proc,  Phys. 
Soc.y  London,  vol.  18,  p.  386.  Also  J.  A.  Fleming,  "  Note  on  the  Measurement  of 
Small  Inductances  and  Capacities,"  Phil.  Mag.,  May,  1904,  ser.  6,  vol.  7,  p.  686. 

"  See  A.  Anderson,  *'  On  a  Method  of  Measuring  Inductance,"  Phil.  Mag., 
1891,  vol.  31,  p.  329 ;  or  The  Electrician,  vol.  27,  p.  10 ;  or  J.  A.  Fleming,  "  Hand- 
book for  the  Electrical  Laboratory  and  Testing  Boom,"  vol.  ii.  p.  192. 
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telephone,  T,  and  in  the  battery  circuit  (see  Fig.  2)  a  "  buzzer,"  Z,  or 
device  for  interrupting  the  circuit  about  250  or  300  times  a  second. 
This  buzzer  consists  of  a  thin  plate  of  iron  placed  over  an  electro- 
magnet. There  is  a  platinum-tipped  contact  point  above  the  plate, 
arranged  like  that  of  an  electric  bell,  so  that  when  the  magnet  is 
energized  by  a  couple  of  secondary  cells  the  plate  vibrates  rapidly.  A 
second  platinum  contact  is  arranged  on  the  plate,  so  as  to  interrupt 
the  -battery  circuit  of  the  bridge.  The  buzzer  is  best  contained  in  a 
sound-proof  box.  The  first  step  is  to  balance  the  resistance  of  the 
inductive  coil  L,  K  on  the  bridge  for  steady  currents,  using  the 
galvanometer  G  as  a  detector,  or  else  the  buzzer  and  telephone  in 
series  may  be  put  in  the  place  of  the  galvanometer.  If  the  resistance 
of  the  inductive  coil  is  very  low,  it  may  be  increased  by  adding  a  non- 
inductive  resistance  to  it.  The  buzzer  is  next  put  in  the  battery 
circuit,  and  the  telephone  in  the  bridge  circuit,  and  the  high  resistance 
r  in  the  bridge  circuit  altered  until  the  telephone  gives  no  sound.  If 
the  observer  has  an  acute  ear,  or  obtains  the  assistance  of  some  one 
who  has,  it  is  possible  to  do  this  with  such  an  accuracy  that  a  variation 
of  1  per  cent,  or  less  in  the  resistance  r  is  detectable. 

It  can  then  be  shown  that  the  inductance  L  of  the  coil  measured 
in  henrys  is  given  by  the  formula  given  by  Anderson  (loc.  cit.\  viz. — 

L  =  1^{KR  +  S)  +  KQ} (46) 

where  C  is  the  capacity  of  the  condenser  in  microfarads,  and  E  is  the 
whole  resistance  in  the  arm  of  the  bridge  which  contains  the  inductive 
circuit.  Since  P  :  Q  =  R  :  S  when  the  bridge  is  balanced  for  steady 
currents,  and  since  the  balance  is  not  upset  by  the  adjustment  or 
introduction  of  the  resistance  r,  we  can  write  the  above  formula  in 

the  form  L  =  ittv^S  (  r  4-  r     +  P),  which    gives    the   inductance  in 

henrys,    or    L  =  10*CS(  r  +  r-  +  V)     giving    the    inductance    in 

centimetres,  the  last  being  rather  more  convenient  for  most  calcula- 
tions. 

The  above-described  method  has  been  much  used  and  tested  by 
the  author  and  his  assistants  in  the  last  few  years,  and  found  to  afiford 
an  excellent  means  for  measuring  inductances  as  small  as  5  or 
10  microhenrys  (mhys.).  It  requires  no  apparatus  that  is  not  found 
or  can  be  easily  made  in  any  electrical  laboratory.  The  result  gives 
us  L,  or  the  low  frequency  inductance  of  the  coil  or  circuit.  If,  how- 
ever, this  is  made  of  round-sectioned  copper  wire,  the  high  frequency 
resistance,  and  therefore  inductance,  can  easily  be  calculated  from  the 
formula  abready  given. 

As  an  example  of  the  method,  we  may  give  the  following  instances 
of  two  measurements  of  inductances,  one  small  and  one  very  large. 

The  first  case  is  that  of  a  long  helix  of  insulated  wire,  consisting 
of  a  single  layer  of  6000  closely  adjacent  turns  wound  on  a  wooden 
circular-sectioned  rod,  the  mean  diameter  of  a  circular  turn  being 
4-096  cms.,  and  the  length  of  the  helix  200-3  cms.  By  the  formula 
for  the  inductance  of  such  a  helix  given  in  §  5  below,  we   have 
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L  =  (ttDN'XttDN),  and  since  N  =  5000,  D  =  4096,  and  N'  =  ^^^^S^, 
we  have  in  this  a  calculated  value  L  =  20*6  x  10*  cms. 

This  helix  was  connected  to  a  bridge,  and  had  its  inductance 
measured  with  a  telephone  and  buzzer  as  above  described.  The 
values  of  the  various  bridge  arms,  bridge  resistance,  and  the  capacity 
were  as  follows : — 

P  =  100  ohms,  Q  =  100  ohms,  E  =  152  ohms,  8  =  152  ohms, 
?:  =  217  ±  1  ohms,  0  =  0-256  mfd. 

Hence    L  =  256  x  152  (217  +  217j§§  +  100)  =  20-8  x  10*  cms. 

The  agreement  is  fairly  close. 

The  second  case  is  that  of  a  round-sectioned  copper  wire 
01994  cm.  in  diameter,  laid  round  a  room  in  the  form  of  a  square, 
the  side  of  which  was  607*1  cms.,  the  ends  being  brought  to  the 
middle  of  one  side  and  connected  to  the  bridge.  By  the  formula  on 
page  100  for  the  inductance  of  such  a  square,  we  have — 

16S 


L  =  8S  r  2-3026  log,o  ^-  -  2-6  ) 


We  take  2*6  as  the  constant  instead  of  2-850,  because  in  the  measure- 
ment here  made  we  are  concerned  with  a  low  frequency  inductance,  and 
the  larger  value  of  the  constant  concerns  the  high  frequency  inductance. 

Hence,  substituting  the  measured  values  S  =  607*1  cms.  and 
d  =  0-1994  cm.,  we  have  L  =  39726  cms. 

The  inductance  was  then  measured  as  above,  using  a  bridge  and 
a  condenser  consisting  of  two  Leyden  jars  having  a  total  capacity 
together  of  0-002783  mfd. 

The  following  are  the  values  of  the  bridge  arms  and  bridge 
r^sistfliDCs  * 

P  =  10  ohms,  Q  =  1000  ohms,  R  =  1*46  ohms,  S  =  146  ohms, 
r  =  92  ±  0-5  ohms,  C  =  0-002783  mfd. 

Hence  L  =  1000  x  0*002783  x  146(92  +  92^^^^  +  10) 
=  41816  cms.,  or  41-816  mhys. 

The  value  calculated  from  first  principles  is  39*7  mhys.,  or  less  by 
2-5  per  cent,  than  the  observed  value. 

The  capacity  of  the  condenser  used  was  not  probably  ascertained 
with  certainty  to  less  than  2  per  cent.  Hence  for  such  a  small 
inductance  the  agreement  is  fairly  good. 

The  same  method  is  applicable  to  the  measurement  of  small 
mutual  inductances.  If  two  coils  are  placed  with  axes  in  one  line, 
they  exert  on  each  other  a  mutual  inductance,  and  the  current  in  one 
when  varying  produces  an  induced  current  in  the  other.  The  mutual 
inductance  or  coefficient  of  neutral  inductance,  M,  is  defined  to  be 
the  numerical  value  of  the  total  magnetic  flux  which  is  linked  with 
both  coils  when  unit  electric  current  flows  in  them. 

Hence,  if  we  join  both  the  coils  in  series,  and  call  L  and  N  the 
inductance  or  self-induction  of  each,  and  M  the  mutual  inductance  or 
coefficient  of  mutual  induction,  then  the  total  flux  Hnked  with  the 
circuit  when  unit  current  flows  in  it  is  either  L  -f-  2M  +  N  or 
L  —  2M  4-  N,  according  as  the  cmrents  flow  the  same  way  or  the 
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opposite  way  in  the  two  coils.  Accordingly,  if  we  join  up  two  such 
coils  as  one  circuit,  and  measure  the  inductance  of  the  circuit,  first 
with  the  coils  joined  up  to  add,  and  secondly  with  the  coils  joined  so 
as  to  oppose  their  respective  fields,  and  call  L^  and  La  the  apparent 
inductances,  we  have — 

Lj  =  L  +  2M  +  N 

L,  =  L  -  2M  +  N 

whence     M  =  — ^-j — - 

and    L  +  N  =  ?^i4^ 

If,  then,  we  measure  L  or  N  separately,  we  have  all  three 
coefficients. 

As  an  instance  of  such  a  measurement,  we  give  the  following : — 
Two  equal  square  coils,  each  consisting  of  8  turns  of  wire,  the 
side  of  each  square  being  64*5  cms.,  were  placed  parallel  to  each  other 
and  at  a  little  distance.     The  inductance  was  then  measured. 

(i.)  Of  each  coil  separately  =  L  and  N. 
(ii.)  Of  both  coils  in  series,  but  far  apart  and  I  -^  l  i  ^ 

with  planes  at  right  angles  )  ^ 

(iii.)  Of  both  coils  so  joined  in  series  to  add  I  -.  tv  i  2M  4-  N 

their  fields  ^          -r        -r 

(iv.)  Of  both  coils  so  joined  in  series   as  *<^  I  —  l  _  ^M.  4-  N 

oppose  their  fields  I 

The  values  were  found  by  the  bridge  method  (Anderson-Fleming 
method)  just  described  with  the  telephone  and  buzzer  at  a  frequency 
of  256  or  so.     The  results  were — 

L  =  116,200  cms.,  N  =  116,200  cms. 
L  +  N  =  234,600  cms. 

L,  =  L  +  2M  +  N  =  287,800  cms. 
L2  =  L-2M  +  N  =  180,700  cms. 

From  the  last  two  observations  we  find  M  =  26,775  cms.,  and 
L  +  N  =  234,200,  which  agrees  very  well  with  the  direct  measure- 
ment of  L  -f-  N  =  234,600,  and  fairly  with  that  of  the  sum  of  L  and  N 
separately,  which  is  232,400  cms. 

The  quantity    . =  k  is  called  the  coefficient  of  coupling,  and  in  the 

V  LN 
above  case  k  =  -?fe^%  =  023.    Hence  the  coupling  would  be  described 
as  loose,  because  it  is  less  than  05. 

The  above  method  is  easily  applied  to  determine  the  mutual 
inductance  of  two  coils  at  any  moderate  distance  from  each  other,  and 
thus  to  set  out  a  curve  showing  the  variation  of  mutual  inductance  of 
the  coils  with  that  distance. 

Methods  have  been  devised  by  the  author  for  measuring  directly 
the  high  frequency  inductance  and  coefficient  of  coupling  for  high 
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frequency  currents  of  coils  by  means  of  a  special  instrument  called  a 
njnmtieter,  to  which  further  reference  will  be  made  later  on. 

This  instrument  enables  us  to  determine  the  frequency  in  an 
oscillating  circuit  (see  Chap.  VI.). 

Deferring  for  the  present  a  detailed  description  of  the  appliance, 
we  may  note  that  since  the  frequency  of  an  oscillating  circuit  is  given 
by  the  formula — 

«      5xlO« 

n  =  — , • 

VCL' 

where  C  is  the  capacity  of  the  condenser  in  it  in  microfarads,  and 
L'  the  high  frequency  inductance  in  centimetres,  we  can  determine 
L'  if  we  know  C  andn.  The  cymometer  enables  us  to  measure  the 
frequency  n,  and  then,  assuming  the  capacity  of  the  condenser  used 
can  be  measured  independently,  we  calculate  L'  by  the  formula — 

T,_  25x10" 

where  C  is  measured  in  microfarads  and  L'  is  given  in  centimetres. 

The  process  of  measurement  consists  in  placing  the  coil,  the 
inductance  of  which  is  required,  in  series  with  a  spark  gap  and  a 
condenser,  say  a  Leyden  jar,  of  known  capacity,  and  by  means  of 
an  induction  coil  exciting  electric  oscillations  in  the  circuit.  The 
frequency  of  these  oscillations  being  measured  by  the  cymometer  or 
other  means,  we  have  the  value  of  n,  and  therefore  of  L'. 

In  one  form  of  cymometer  the  measurement  actually  made  is  the 
wave  length  of  a  stationary  electric  oscillation  set  up  on  a  long  helix 
of  wire.  The  velocity  vnth  which  this  wave  travels  along  the  helix 
can  be  determined  from  the  calculated  inductance  and  measured 
capacity  of  the  spiral  per  unit  of  length.  'For  the  particular  helix 
with  which  the  measurements  below  given  were  made,  this  velocity  was 
found  to  be  175  X  10*  cms.  per  second.  The  process  of  measiurement 
consists  in  attaching  the  helix  either  directly  or  with  the  interposition 
of  a  small  air  condenser  to  an  oscillation  circuit  constructed  with  a 
known  capacity  and  with  the  inductance  to  be  determined,  and  then 
adjusting  a  sliding  metal  saddle  on  the  hehx  in  such  a  position  that 
when  the  saddle  is  connected  to  earth  the  section  of  the  helix  between 
it  and  the  oscillatory  circuit  is  one  complete  wave  length  of  a  stationary 
electric  wave  on  the  helix.  The  quotient  of  wave  velocity  along  the 
helix  by  this  stationary  wave  length  then  gives  us  the  frequency  n  of 
the  oscillatory  circuit  (see  Chap.  IV.  §  1). 

The  self  and  mutual  inductances  of  an  oscillation  transformer 
were  measured  for  a  frequency  2*5  X  10*  as  follows :  The  primary 
coil  consisted  of  one  turn  of  stranded  copper  wire  nearly  1  metre 
in  length  bent  into  the  form  of  a  square.  Its  inductance,  L, 
was  determined  by  finding  the  oscillation  frequency  as  above 
described,  when  this  coil  was  associated  with  a  condenser  having  a 
capacity  of  0*005835  mfd.  to  form  an  oscillatory  circuit.  The  wave 
length  on  the  cymometer  helix  was  found  to  be  71  cms.,  and  hence 
.^    t  175  X  10*        _  ^,  .  .  .  5  X  10^ 

the  frequency  was        „^  -   -,  and  this  must  be  equal  to   7^  ^v\/^«q*;t  ' 
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where  L'  is  the  mductance  of  the  primary  coU  in  test.  Hence  L' 
=  719  cms. 

In  the  same  way  the  total  inductance  of  the  primary  and 
secondary  was  determined  for  the  two  modes  of  connection  and  found 
tobe— 

L,  =  L  +  2M  +  N  =  67,933  cms. 

L,  =  L-2M  +  N  =  46,384  cms. 
whence    M  =  3137  cms. 
and    L  +  N  =  51,658  cms. 

Deducting  the  separately  measured  primary  inductance,  viz. 
719  cms.,  from  L  +  N  =  51,658  cms.,  we  have  the  secondary  induct- 
ance 50,940  cms.,  or  nearly  61000  cms. 

A  separate  and  independent  measurement  of  the  inductance  N  of 
the  secondary  circuit  gave  the  value  N  =  52,600. 

The  difference  between  62,600  and  61,000  is  about  3  per  cent.,  but 

the  length  of  the  stationary  wave  on  the  helix  is  hardly  certain  to  1 

per  cent.,  and  the  inductance  varies  as  the  square  of  the  wave  length 

on  the  helix.     Hence  the  percentage  error  of  the  wave  length  is 

doubled  in  calculating  the  inductance. 

M 
From  the  above  figures,  we  find  the  coefficient  of  coupling  /:  =  -^ 

for  this  transformer  to  be — 

k  =    ,      ^^^'^       -  =  0-52  nearly 
^^719  X  61000 

Hence  the  coupling  is  close,  because  k  has  a  value  greater  than  0*6. 

Another  confinnation  of  the  accuracy  of  this  last  method  was 

obtained  by  measuring  the  inductance  of  a  single  copper  wire  0*1994 

cm.  in  diameter  bent  into  the  form  of  a  square  having  a  side  of 

length  607*1  cms.     The  frequency  used  was  about  10*.     Associating 

this  square  inductance  with  a  capacity  of  000146  mfd.  the  cymometer 

determined  the  frequency  of  the  oscillations  set  up  in  this  circuit  to 

,    175xl0«       .,,.,,,  1  ,         ,       .  5  X  10«     . 

be  — ogT — f  and  this  by  the  general  formula,  viz.  n  =  —i^j-j  gives 

us  a  value  for  L  of  39,970  cms.  as  the  inductance  of  the  square. 
The  inductance  calculated  from  the  length  of  side  of  square  =  S  and 
diameter  of  vrire  =  rf  by  the  formula — 

L  =  88  r  2-3026  log,o  ^  -  2-85  ) 

is  38,562  cms.     Hence  the  two  are  in  very  fair  agreement. 

For  additional  information  on  the  measurement  of  small  induct- 
ances by  means  of  electric  oscillations  the  reader  is  referred  to  a  paper 
by  Mr.  H.  H.  Taylor,  in  the  Physical  Review  for  October,  1904,  vol.  xix. 
p.  273.  Taylor  employed  a  resonance  method  in  which  the  inductance 
to  be  measured  has  its  value  determined  by  substituting  for  it  an  equiva- 
lent inductance  obtained  by  sliding  a  slider  along  two  parallel  wires. 
The  inductance  per  unit  of  length  of  the  parallel  wires  can  be  calculated. 
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and  hence  if  the  efifective  length  of  the  parallel  wires  is  altered  by 
moving  the  slider,  the  addition  to  their  inductance  becomes  known. 

The  arrangement  is  shown  in  Pig.  3.  An  oscillating  circuit  is  set 
up  consisting  of  a  capacity,  Cj;  an  inductance,  L„  which  is  preferably 
Tariable ;  and  a  spark  gap,  S.  One  point  on  this  circuit  is  earthed 
at  E.  To  two  adjacent  points  on  L,  near  the  earthed  end  a  pair  of 
parallel  wires  are  connected,  and  in  the  run  of  one  of  these  is  inserted 
a  condenser,  C2,  and  the  inductance,  L,,  to  be  measured.  A  slider,  D, 
can  be  moved  along  the  parallel  wires.  The  measurement  consists 
in  moving  D  to  two  positions,  one  with  the  inductance  Lj  short- 
circuited,  and  adjusting  the  position  of  D  so  that  the  maximum  cur- 
rent flows  in  the  parallel  wires,  as  shown  by  the  maximum  deflection 
produced  on  a  galvanometer,  G,  when  connected  with  a  delicate  thermo- 
electric junction,  T,  attached  to  some  point  on  the  parallel  wires. 

This  method  is  simple,  and  seems  capable  of  considerable  accuracy. 
It  can  be  checked  by  using  for  Lj  a  single  wire  bent  into  the  form 


Fia.  8. — Taylor's  Method  of  measuring  High  Frequency  Inductance. 

of  a  circle  or  square.  It  has  the  advantage  that  no  special  apparatus 
is  necessary.  The  only  limitation  is  that  the  method  is  not  applicable 
to  inductances  whose  resistances  vary  so  widely  as  to  affect  seriously 
the  period  of  the  auxiliary  circuit  unless  a  compensating  inductionless 
resistance  is  inserted  to  swamp  any  difference  in  the  resistances  of 
the  inductances  compared. 

For  a  description  of  another  form  of  direct-reading  cymometer 
devised  by  the  author  for  making  high  frequency  measurements  of 
capacity  and  inductance,  the  reader  is  referred  to  Chapter  VI.,  §  15,  of 
this  treatise. 

S.  Induotanoe  Coils  of  Yariable  Induotanoe. — In  practical 
work  on  electric  oscillations  or  Hertzian  wave  telegraphy,  we  often 
require  to  insert  in  circuits  inductances  which  can  be  varied  gradually 
or  by  «teps.  Arrangements  for  effecting  this  are  called  inductance 
boxes  or  sliding  inductances.  In  some  cases  the  change  in  inductance 
must  be  gradual  and  not  accompanied  by  any  change  in  the  resistance, 
in  other  cases  a  slight  change  in  resistance  is  not  of  moment.     For 
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Fig.  4.— Variable  Ac- 
oordion  Coil  Induct- 
ance.   (Fleming.) 


varying  the  inductanoe  of  a  circuit  within  certain  narrow  limits 
without  making  any  break  in  the  circuit  or  change  in  its  resistance, 
a  very  convenient  arrangement  is  one  introduced  by  the  author, 
called  an  aecordian  coil  or  concertina  coil,  from  its  rough  resemblance 
to  these  musical  instruments. 

On  a  tube  of  vulcanized  fibre  is  placed  a  couple  of  rings  of  wood, 
one  of  them  fixed  at  the  end  of  the  tube  and  the  other  sUding  on  the 
tube  (Fig.  4).  This  last  ring  can  be  clamped  by 
a  screw  in  any  position.  The  rings  are  con- 
nected by  a  spiral  wire  of  brass  or  hard  drawn 
copper,  which  is  covered  with  indiarubber  or 
otherwise  insulated.  When  the  rings  are  near 
together  this  wire  is  arranged  in  a  close  spiral 
with  the  turns  in  one  layer  and  touching. 
When  the  rings  are  moved  far  apart  the  tmns 
of  the  wire  are  widely  separated,  and  the  in- 
ductance has  then  a  minimum  value. 

By  sliding  the  movable  ring  to  various 
positions,  the  inductance  can  be  given  any  value 
within  certain  limits.  When  a  small  accom- 
panying change  of  resistance  does  not  matter, 
the  following  arrangement  due  to  the  author 
is  effective.^* 

On  a  boxwood  cylinder,  about  10  cms.  in  dia- 
meter and  100  cms.  in  length,  a  screw  groove  is 
cut,  the  grooves  being  separated  by  at  least  5  mm. 
This  cylinder  is  mounted  with  brass  end  plates 
and  hcdd  in  bearings.    A  winch  handle  serves  to  rotate  it  (see  Fig.  5). 

In  the  groove  is  wound  a  bare  thick  copper  wire,  say  No.  12 
or  No.  14  S.W.G.,  and  the  ends  of  the  wire  are  soldered  or  screwed 
to  the  end  plates  on  this  cylinder.  Against  one  end  plate  a  spring 
contact  with  terminal  on  it  presses. 

Parallel  with  the  cylinder  is  fixed  a  thick  brass  rod,  and  on  this 
travels  a  contact  piece,  the  end  of  which  makes  contact  with  the 
copper  wire.  A  weight  on  this  contact  serves  to  keep  a  good  electrical 
connection.  When  the  cylinder  is  turned,  the  contact  piece  sHdes 
along  and  interposes  a  variable  number  of  turns  of  the  wire  between 
the  end  contact  on  the  cyUnder  and  the  moving  contact  on  the  wire. 
Hence  the  inductance  between  these  points  can  be  varied. 

In  employing  such  an  inductance  with  high  frequency  currents, 
it  should  be  noted  that  as  there  is  always  a  certain  dielectric  current 
between  the  tiums  of  wire,  this  goes  to  diminish  the  effective  induct- 
ance, and  it  must  not  be  assumed  that  such  a  bare  spiral  inductance 
has  exactly  the  same  inductance  for  high  frequency  currents  as  for 
low  frequency  currents,  apart  altogether  from  the  variation  of  dis- 
tribution of  current  over  the  cross-section  of  the  wire.  The  inductance 
for  high  frequency  currents  will  always  be  less  by  a  somewhat 
uncertain  amount  owing  to  this  dielectric  current  between  the  turns. 

When  a  small  variation  is  required,  a  couple  of  bare  wires  miay  be 
stretched  parallel  to  each  other,  and  a  shding  metal  connecting  piece 

*'  See  J.  A.  Fleming,  *'  On  a  Standard  of  SmaU  Inductance,"  Phil,  Mag,,  May, 
1904,  p.  692. 
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laid  across  them  and  moved  along.  The  same  remarks,  however,  as 
above  apply  in  this  case.  The  dielectric  current  across  from  wire  to 
wire  prevents  ns  from  determining  exactly,  either  from  this  calculated 
value  or  a  low  frequency  measurement,  the  true  inductance  when  high 
frequency  currents  are  employed  with  it.  Nevertheless,  when  the 
inductance  is  not  required  to  be  known  very  accurately  the  arrange- 
ment is  convenient. 

In  the  case  of  larger  inductances  it  is  convenient  to  be  provided 
with  a  number  of  glass  or  ebonite  rods,  on  which  is  wound  silk- 


End  elev(tUon.. 


Plan, 
Fig.  5.— Variable  Indactanco  Coil.    (Fleming.) 

covered  copper  wire  in  one  layer,  the  turns  close  together.  The 
length  of  the  rod  must  be  at  least  20  times,  and  preferably  60  times, 
its  diameter,  and  then  the  inductance  can  be  approximately  calculated 
from  the  formula — 

L  =  47rN^^  =r  (xDNXttDN') 
or    L  =  (7rDN7/. 

where  N  is  the  total  number  of  turns,  I  the  length,  D  the  diameter, 
S  the  cross-section  of  the  rod,  and  N'  the  number  of  turns  per  unit 


HIGH   FREQUENCY  ELECTRIC   MEASUREMENTS 


111 


of  length  of  the  helix,  all  measurements  hemg  in  centimetres  or 
square  centimetres.  The  value  of  L  given  by  this  formula  is  always 
a  little  too  large,  and  is  greater  than  the  real  value  as  the  dimension 

ratio  (  pv  )  becomes  less.** 

When  the  dimension  ratio  is  at  least  50  :  1,  the  inductance  pre- 
determined by  the  above  rule  mQ  not  differ  from  the  actual  inductsmce 
by  more  than  2  or  3  per  cent.,  as  shown  by  the  comparison  between 
the  so  calculated  value  of  a  coil  used  by  the  author,  and  its  inductance 
repeatedly  measured  by  the  bridge  (Anderson-Fleming)  method. 


Bkbults  of  Inductancb  Meabubkmeiits  of  a  Loko  Coil,  havino  a 
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152 

152    i 

1000 

151-4 

15U   ' 

10,000 

151-4 

1514 

1000 

151-7 

16170 

1  10,000 

151-7 

15170 

1    100 

152 

152 

r. 

C.  in  mfds.  , 

4260 

0-00272 

7675 

0-00149 

4400  +  50 

0-00272 

8850  +  50 

0-00272 

365  +  6 

0-00272 

24200  +  100 

0-00272 

4400  +  50 

000272 

8830  +  20 

000272 

485  +  5 

0-00272 

865  +  5 

000272 

217  +  1 

0-256 

19,900,000\  . 

19,400,000/  ^ 

20,800,000\ 

19,200,000 

19,800,000 

20,100,000 

20,300,000  )B 

19,200,000/ 

20,600,000 

19,300,000 

20,800,000/ 


Mean  of  A  readings  =  19*7  x  10'  cms. 
Mean  of  B  readings  =  19*9  X  10'  cms. 
Value  calculated  from  the  formula  L  =  (irDN)(irDN')  =  20-6  x  10»  cms. 

6.  Electrical  Properties  of  Dielectrics.   Dielectric  Strength.— 

We  have  next  to  consider  the  special  properties  of  dielectrics,  espe- 
cially those  which  are  important  in  connection  with  high  frequency 
phenomena. 

When  a  dielectric  or  insulator  is  subjected  to  electric  force,  it  has 
produced  in  it  electric  strain  or  electric  displacement,  just  as  a  ferro- 
magnetic body,  when  submitted  to  magnetic  force,  has  the  state  called 
magnetization  produced  in  it.  There  is,  however,  a  great  physical 
difference  between  the  two  phenomena.  If  the  electric  force  rises 
beyond  a  certain  limit,  the  dielectric  is  mechanically  ruptured  or 
destroyed  at  some  place,  and  this  is  accompanied  by  a  transformation 
of  some,  at  least,  of  the  potential  energy  of  the  electric  strain  into 
heat  and  light  or  mechanical  motion.  In  the  case  of  Hquids  and 
gases,  the  wound  so  created  is  self-healing,  and  the  dielectric  restores 
itself  at  that  point  to  the  original  state  as  soon  as  the  electric  force  is 
diminished.  In  soUds  this,  however,  is  not  done,  so  that  the  result 
of  the  operation  is  to  leave  a  puncture  or  hole.  The  electric  force 
corresponding  to  which  this  rupture  or  puncture  takes  place  is  called 

'*  The  formula  is  strictly  true  only  for  an  endless  solenoid.  In  any  solenoid 
with  a  dimension  ratio  of  100  : 1  it  is  very  nearly  true,  and  even  with  a  aimension 
ratio  as  small  as  20  : 1  is  true  within  perhaps  1  or  2  per  cent.  See  Fleming,  Phil. 
Mag.,  May,  1904,  p.  690. 
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the  dielectric  strength  of  the  insulator,  and  is  measured  in  absolute  units 
of  electric  force,  or  in  its  equivalent  in  volts  or  kilovolts  per  centimetre. 
It  is  convenient  sometimes  to  state  it  in  wUs  per  millimetrey  since  the 
thickness  of  layers  of  dielectric  used  is  generally  expressed  in  milli- 
metres. Since  one  electrostatic  unit  of  potential  in  C.G.S.  measure 
is  equal  to  300  volts,  we  convert  kilovolts  per  centimetre  into  its 
equivalent  electric  force  expressed  in  electrostatic  units  by  multiplying 
by  3-333. 

This  dielectric  strength  depends  upon  (1)  the  thickness  of  the 
dielectric,  thin  layers  being  generally  stronger  than  thick;  (2)  it 
varies  with  the  form  of  the  conducting  surfaces  opposed,  and  (3)  with 
the  manner  in  which  the  electric  force  is  appUed,  that  is,  whether 
gradually,  suddenly,  steadily,  or  periodically  varying. 

According  to  the  investigations  of  G.  Baur,  every  dielectric,  what- 
ever its  thiclmess,  requires  a  certain  voltage  to  puncture  it,  which  is 

proportional  to  fi  where  t  is  the  thickness. 
Hence,  if  V  is  the  puncture  voltage — 

where  C  is  some  constant.^* 

The  above  formula  may  be  put  in  the  form — 

V^  C 

t'   rt 

Hence  the  dielectric  strength  f  -.  J  should  vary  inversely  as  the 

cube  root  of  the  thickness.  Therefore,  according  to  this  formula,  to 
puncture  a  sheet  of  dielectric  9  mms.  thick  would  require  only  half 
the  voltage  per  millimetre  that  is  necessary  to  puncture  a  sheet  of 
the  same  dielectric  1  mm.  thick.  In  other  words,  a  thin  sheet  of 
any  dielectrics  is  relatively  stronger  than  a  thick  one  of  the  same 
material. 

This  rule,  however,  must  be  accepted  with  great  hmitations.  The 
puncture  voltage  is  very  largely  determined  by  the  state  of  the  surface 
of  the  dielectric.  Nevertheless,  the  above  statement  holds  good 
approximately  for  a  large  number  of  solid  and  hquid,  and  gaseous 
dielectrics. 

A  very  extensive  set  of  experiments  on  dielectric  strength  has  been 
described  by  Mr.  T.  Gray.*'  He  used  alternating  electromotive  forces 
of  simple  sinoidal  form,  and  a  frequency  of  133  periods  per  second. 
The  discharges  were  taken  between  the  curved  surfaces  of  two  poHshed 
discs  of  copper,  which  were  portions  of  spheres  70  cms.  in  diameter,  all 
edges  being  rounded.  He  tested  the  dielectric  strength  of  air,  various 
oils,  and  solid  dielectrics,  and  states  the  results  in  kilmvlis  per  ceiUimefre, 

His  experiments  support  the  experience  that,  generally  speaking, 
the  appa/rent  dielectric  strength  of  a  thin  layer  of  a  dielectric  is  greater 
than  that  of  a  thicker  one. 

"  See  The  Electrician,  1901,  vol.  47,  p.  768 ;  or  Science  Abstracts,  vol.  iv. 
p.  1064. 

"  See  Physical  Review,  1898,  vol.  vii.  p.  199. 
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Gray  found  that  rupture  voltage  of  a  sheet  of  dielectric  under  an 
alternating  electromotive  force  of  simple  sine  form  is  identical  with 
that  due  to. a  steady  electromotive  force  having  the  same  value  as  the 
maximum  of  the  alternating  force.  Hence,  in  stating  the  dielectric 
strength  in  kilovolts  per  centimetre,  the  values  given  below  are  those  cor- 
responding to  the  maximum  value  of  the  alternating  electromotive  force 
employed,  this  maximum  being  calculated  from  the  root-mean-square 
(B.M.D.)  value  observed  on  the  voltmeter  at  the  moment  of  rupture. 

In  the  case  of  the  alternating  electromotive  force  used  by  him,  this 
maximum  value  was  equal  to  the  E.M.S.  value  multiplied  by  1*312. 
His  results  for  air  confirm  those  of  previous  observers.  Lord  Kelvin 
established  long  ago  the  fact  that  the  electric  force  required  to  produce 
a  very  short  spark  in  air  between  slightly  rounded  metallic  surfaces 
was  greater  than  that  required  to  produce  a  longer  one.^^  Mr.  Gray's 
results  for  the  dielectric  strength  of  air  are  as  follows : — 

Air  at  Normal  Pressure  and  Temperature. 

TblckBen  of  layer  DIelecUlc  strength  in 

of  «lr  In  MDtiraetres.  kilovolts  per  centimetre. 

0O2 67-6 

0-04 52-5 

0K)6 49-6 

0H)8 46-2 

010 43-6 

0-20 37-8 

0-40 34-5 

0-60 82-7 

0-80 811 

1-0 29-8 

1-20 28-8 

1-40 28-8 

1-60 27-4 

Hence  to  produce  a  spark  1  cm.  in  length  in  air  requires  about 
30,000  volts. 

The  apparent  dielectric  strength  of  air  decreases,  therefore,  slightly 
with  increasing  thickness,  and,  according  to  Mr.  Gray,  ultimately  it 
reaches  some  value  not  far  from  25  kilovolts  per  centimetre,  or  80 
C.G.8.  units  of  electric  force  in  electrostatic  measure.  On  this  matter, 
however,  the  reader  is  referred  to  some  remarks  on  a  later  page  (p. 
116)  concerning  the  true  dielectric  strength  of  air. 

Similar  results  were  obtained  by  Gray  in  the  case  of  glass. 
Employing  a  variety  of  glass  called  crystal  glass,  used  for  lantern  slides, 
he  found  the  dielectric  strength  for  various  thicknesses  to  be  as 
follows : — 

Crystal  Glass. 

Dielectric  strength  In 
Tblckness  in  centimetres.  kilorolts  per  centimetre. 

0-1 286 

0-2 258 

0-3 224 

0-4 200 

0-5 183 

0-6 168 

"  See  Lord  Kelvin,  "Reprint  of  Papers  on  Electrostatics  and  Magnetism," 
p.  258,  or  Proc,  Bay.  Soc.,  voL  x.  p.  326,  February  28,  April  12, 1860,  "Measure- 
ment of  the  electromotive  force  required  to  produce  a  spark  in  air  between  parallel 
metal  plates  at  different  distances.*' 

I 
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For  window  glass  0*2  cm.  thick,  he  found  the  dielectric  strength  to 
be  160  kilovolts  per  centimetre. 

He  also  made  tests  with  sheet  ebonite,  indiarabber,  mica,  and 
mioanite,  with  results  as  follows : — 


Ebonite, 

Dielectric  strength  in 
Thickneflfl  in  centimetres.  klloTolts  per  oentimetro. 

0-093 638 

0-186 434 

Indiarubber  Sheets. 

0136 476 

0-270 318 

Mica. 

0001 2000 

0-010 1160 

002 960 

006 760 

0-10 610 

Micanite, 
^*^l  400 

Paper  of  various  kinds  impregnated  with  paraffin  wax 
dielectric  strengths  as  follows  : — 


MAterisl. 


Thin  printers'  paper  . 
Tissue  paper  .  .  . 
ManiUa  paper  .  .  . 
American  linen  paper 
Typewriter  linen  paper 


Thickness  in  centimetres. 


I 


0-012 
0009 
0-018 
0-018 
0014 


Dielectric  strength  in 
kilovolts  per  centimetre. 


400 
610 
430 
640 
640 


Fuller  board,  a  kind  of  vulcanized  fibre,  showed  a  dielectric  strength 
of  205,  192,  and  169  kilovolts  per  centimetre  for  thickness  of  0-006, 
01,  and  0-2  cm. 

Oils  of  various  kinds  were  tested  in  layers  having  thickness  from 
4  to  8  mms.,  and  the  following  values  for  the  dielectric  strength  were 
found,  though  somewhat  variable. 

Oils, 

Dielectric  strength  in 
kiloTolts  per  centimetre. 

Light  miners  lubricating  oil 48 

Sperm  oil 62 

Vaseline  oil 60 

Ootton-seed  oil 67 

Olive  oil 70 

Linseed  (raw)  oil 83 

„        (boiled)  oil 85 

Other  observations  by  the  same  author  seemed  to  show  a  decrease 
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in  dielectric  strength  with  thickness  in  the  case  of  oils.  Thus,  for 
instance,  he  found  for  vaseline  oil  the  following  values  of  the  dielectric 
strength. 

Vaseline  OiL 

Dtelectrio  strength  in 
Tbicknefls.  kiloTolts  per  centimetre. 

8  mm 91 

1     .,  181 

Paraffin  OH, 
Sp.  gr.  0*28.     Varied  between  64  and  101  kilovolts  per  centimetre. 

Experiments  by  other  observers  substantially  confirm  the  above 
results.  T.  W.  Edmondson  has  measured  the  dielectric  strength  of 
air,  and  finds  that  his  observations  agree  fairly  well  with  the  formula — 

Y^  =  at  +  b^ 

where  t  is  the  spark  length  or  thickness  in  millimetres  of  the  layer 
of  air  ruptured,  and  V  is  the  spark  potential  in  (C.G.S.)  electrostatic 
unit6,  whilst  a  and  b  are  constants  varying  with  the  diameter  of  the 
spark  balls  as  follows : —  ^ 

DUnneler  ofsptrk  ImJIs. 


0-6  cm.  285*13  82*25 

1*0    „  186*85  99*42 

2*0    .,  144*41  114*49 

8-0    „  49*41  144*71 


If  we  reckon  the  spark  length  in  centimetres  and  spark  potential 
in  kilovolts,  Edmondson 's  formula  reduces  to  the  following  form : — 

Apparent  didettric  strength  of  air  in  Jdlovolts  per  centimetre  =  3\/  ^  "^  ^a. 

where  /  is  the   thickness   in   centimetres.     This   gives  a  dielectric 

kv. 
strength  of  33   — -  for  1  cm.  thick  which   agrees  fairly  well  with 

observations  by  Baur,  Gray,  and  others,  and  it  shows  that  the  apparent 
dielectric  strength  decreases  with  increasing  thickness,  and  finally 
reaches  a  limit  3  Vft.  The  formula,  however,  must  not  be  extrapolated 
beyond  the  limits  of  observations. 

Edmondson  also  gives  a  series  of  useful  curves  for  the  dielectric 
strength  of  various  oils,  all  of  which  show  a  slight  increase  of 
dielectric  strength  with  decrease  of  thickness  of  film  punctured. 

When  using  as  discharge  surfaces  brass  balls  2*6  cms.  in  diameter 
and  within  the  Umits  2  to  10  mm.  for  sparking  distance,  a  simple 
linear  formula  for  the  spark  potential  can  be  conveniently  employed, 
viz. — 

V  =  10*2^  +  7-07 

where  V  is  the  spark  potential  in  electrostatic  (C.G.S.)  units  and  / 
»■  See  Physical  Review,  1898,  vol.  vi.  p.  65. 


116  HIGH   FRBQUENCr   ELECTRIC   MEASUREMENTS 

is  the  spark  length   in   millimetres  in  air  at  normal  pressure   and 
temperature.**    This  is  transformed  into  measurement  in  volts  by 
multiphcation  by  300. 
Hence — 

Spark  voli^ige  in  air  at  nmmal  pre.^sure     =  2121  +  (3060  X  spark  length  in 

millimetres) 

or     Apparent  dvdeciric  strength  «/)   _  ^k.a   ,     ^ 

air  in  kilavolts  per  centimetre  ]  "  ^  .^rit  length  in  miUimetres 

M.  O'Gorman  has  given  values  for  the  dielectric  strength  of  certain 
insulating  materials  used  in  cable  manufacture  as  follows : —  * 

Dfeleciric  strength  In 
M Ateiial.  kilovolts  per  centimetre. 

Gutta  percha 109 

Paraffin  wax  (solid) 180  to  270 

(molted)    .  , 66 

Vaseline 91 

Resin  oil 270  to  1860 

There  are  so  many  circumstances  which  cause  variation  in  the 
dielectric  strength  of  insulators  that  the  figures  given  by  different 
observers  are  not  in  very  close  agreement.  G.  Baur  has  given  the 
results  of  some  measurements  on  various  dielectric  as  follows : — " 

Dielectric  •trength  In 
Dielectric  kilovolts  per  centimetre. 

Dry  air 88 

Vulcanized  indiarubber 100 

Mica 680 

Empire  cloth 126  |  These  are  various  fibrous 

Fuller  board 190  |     materials  impregnated 

Impregnated  jute 220  )     with  oils  or  resins. 

The  practical  conclusion  to  be  drawn  from  the  above-described 
experiments  is  that  in  air  at  ordinary  pressure  and  temperature,  and 
for  metallic  spark  balls  a  few  centimetres  in  diameter,  electric  sparks 
pass  and  rupture  the  air  when  the  electric  force  in  the  gap  between 
the  balls  varies  from  45(X)  to  3000  volts  per  millimetre  of  spark  length, 
as  the  spark  length  increases  from  1  mm.  in  length  and  upwards. 

To  create  a  spark  in  air  of  1  cm.  in  length  between  such  surfaces 
requires  a  steady  voltage  of  about  30,0()0  volts,  or  an  alternating 
voltage  of  sinoidal  form  having  an  effective  or  E.M.S.  value  of  nearly 
21, OCX)  volts,  and  at  the  same  rate  for  greater  spark  lengths. 

The  whole  subject  of  the  dielectric  strength  of  air  has  recently 
been  rediscussed  by  Mr.  A.  Eussell  (see  Proc,  Phys,  Soc.  Lond.,  Novem- 
ber, 1905)  in  a  valuable  paper.  He  points  out  that  the  results  of 
various  observations  with  different-sized  discharge  balls  differ  con- 
siderably. It  is  a  well-known  fact,  as  first  shown  by  C.  F.  Varley  in 
1871  {Proc.  Boy.  Soc.,  January  12,  1871\  that  there  is  a  minimum 
sparking  potential  in  air  and  other  gases  oelow  which  it  is  impossible 

**  The  above  formula  embodies  results  obtained  in  the  physical  laboratory'  of 
University  College,  London. 

*•  See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  80,  p.  680, 
Appendix  VIII.,  M.  O'Gorman,  "  Insulation  on  Cables." 

"  See  The  Electrician,  1901,  vol.  47,  p.  768,  or  Md^nce  Abstracts,  vol.  iv.  p.  1067. 
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to  obtain  a  discharge.     For  air  at  normal  pressure  and  temperature 

this  is  not  far  from  790  volts  (see  the  Hon.  E.  J.  Strutt,  *'  On  the 

Least  Potential  Difference  required  to  produce  Discharge   through 

Various  Gases,"  PhU,  Trans.  Boy,  Soc,  I/md.,  1899-1900,  vol.  193a,  p. 

377).     Hence,  if  there  is  a  potential  difference,  V  kilovolts,  between 

two  metal  balls,  we  may  say  that  the  effective  potential  dijfference  is 

in  fact  (V  -  0*79)  kilovolts.     Kirchhoff  pubhshed,  in  1860,  a  valuable 

paper  in  Crelles  Journal,  entitled,  "  tjber  die  Vertheilung  der  Elek- 

tricitat  auf  Zwei  leitenden  Kugeln,"  in  which  he  shows  how  to  express 

the  maximum  electric  force  in  the  form  of  an  infinite  series.     Mr.  A. 

Bussell  has  provided  a  simple  proof  of  Kirchhoff's  formula  by  the 

method  of  electric  images. 

When  the  discharge  balls  are  of  equal  size  and  at  equal  and 

V  V 

opposite  potentials,  -f  h  and  —  ^,  the  shortest  distance  between  them 

Mr.  Eussell  shows  that  the  maximum  electric  force  is  ex- 


being 


v/ 


pressed  by  -"' ,  where  V  is  the  potential  difference  of  the  balls,  and  /  is 
a  function  of  their  diameter  2a  and  distance  z.  He  gives  the  follow- 
ing  values  of /for  various  values  of  -: — 


X 

X 

a 

/ 

a 

/ 

0-0 

1-000 

1-6 

1-650 

OX 

1-084 

2-0 

1-770 

0*2 

1068 

80 

2-216 

0-8 

1103 

40 

2-678 

0-4 

1138 

60 

3161 

0-6 

1-174 

60 

3-681 

0-6 

1-209 

70 

4117 

0-7 

1-246 

80 

4-601 

0-8 

1-288 

90 

6-096 

0-9 

1-321 

100 

6-686 

1-0 

1-369 

100-0 

60-61 

10000 

600-60 

If,  then,  V  is  measured  in  kilovolts,  the  true  dielectric  strength  of 
air  is  given  by  the  maximum  value  of  the  electric  force,  viz. :  Bmax ;  and 


_(V-0-79) 

Amax  —  -; / 


The  fraction  0*79  is  the  value  in  kilovolts  of  the  potential  difference, 
which  mtist  be  exceeded  before  any  spark  begins,  and  the  quantity 
/  in  the  above  expression  (tabulated  above)  is  a  factor  by  which  the 
average  effective  kilovolts  per  centimetre  must  be  multiplied  to  give 
the  maximum  electric  force.  From  a  discussion  of  various  results  by 
different  experimentalists,  Mr.  Russell  shows  that  for  air  at  normal 
pressure  and  temperature  the  tinie  diekrtnc  strength  lies  between  38  and 
39  kilovolts  per  centimetre,  or  in  electrostatic  units  to  a  force  of  127. 
The  true  dielectric  strength  of  air  is  therefore  expressed  by  a  number 
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about  one-third  larger  than  the  average  kilovolts  per  centimetre  for 
sparks  1  cm.  in  length  taken  between  balls  lor  2  cms.  in  diameter. 

In  the  construction  of  high-tension  condensers  a  hberal  margin 
should  be  allowed  as  a  factor  of  safety,  and  the  working  pressure  should 
not  be  more  than  a  quarter  of  the  rupture  voltage. 

Thus,  in  the  case  of  glass,  Gray's  experiments  show  that  for  a  thick- 
ness of  2  to  3  mm.  the  dielectric  strength  is  from  253  to  224  kilovolts 
per  centimetre.  This  means  that  a  voltage  of  62,000  volts  will  pierce 
a  plate  of  glass  2  mm.  thick.  If  we  construct  a  condenser  of  glass 
plates  0*1  inch  or  2-6  mm.  thick,  the  safe  working  voltage  would  be 
about  one-third  of  the  above  breaking  voltage,  viz.  20,000  volts, 
equivalent  to  a  6  or  7  mm.  spark  in  air. 

The  above  is  in  accordance  with  practical  experience.  Ebonite 
and  mica  or  micanite  have  undoubtedly  greater  dielectric  strength  than 
glass.  Ebonite  is  about  twice,  and  mica  about  three  times,  as  strong ; 
whilst  micanite,  which  consists  of  plates  of  mica  stuck  together  with 
shellac,  has  a  still  greater  dielectric  strength. 

Many  circumstances,  however,  contribute  to  affect  the  dielectric 
strength.  J.  Kiessling  and  B.  Walter  have  called  attention  to  the 
fact  that  if  a  tube  of  dielectric  is  partly  immersed  in  oil  and  electric 
stress  applied  to  the  material  it  punctures  at  the  surface  of  the  oil.^ 
In  the  same  way,  if  a  drop  of  melted  paraffin  wax  is  placed  on  a  sheet 
of  glass,  and  this  is  afterwards  submitted  to  electric  strain  between 
electrodes,  the  puncture  takes  place  at  the  edges  of  the  wax.  If, 
however,  a  needle  prick  is  made  in  the  wax,  pimcture  will  more 
readily  occur  through  this  hole.  Plates  of  ebonite  coated  with  tinfoil 
on  both  sides  and  placed  in  oil  for  use  as  high-tension  condensers 
are  generally  found  to  puncture  near  the  edges  of  the  tinfoil  if  an 
excessive  voltage  is  used.  The  electric  force  has  the  highest  value 
at  the  edges  of  the  metal  plates,  and  the  puncturing  is  determined, 
not  by  the  mean  but  by  the  maximum  electric  force  acting  on  the 
dielectric. 

Thus  a  sheet  of  ebonite  4*2  mm.  thick  withstood  a  voltage  equal 
to  a  50-cm.  spark  in  air.  This  is  equivalent  to  a  dielectric  strength  of 
3000  kilovolts  per  centimetre.  If,  however,  a  drop  of  wax  was  placed 
on  the  surface,  the  ebonite  gave  way  under  a  stress  of  about  half  the 
above  value.  If  a  needle  hole  was  made  in  the  wax  the  ebonite  was 
pierced  at  that  spot  by  a  force  of  600  kilovolts  per  centimetre. 

Hence  the  authors  conclude  that  any  scratches  or  flaws  on  the 
surface  of  a  sheet  of  dielectric  greatly  reduce  its  strength.  They  state 
that  bubbles  in  glass,  as  long  as  they  do  not  open  upon  the  surface,  do 
not  bestow  particular  weakness  at  that  point.  These  experiments 
show  that  in  the  case  of  sheets  of  dielectric  to  be  used  for  making 
high-tension  condensers  it  is  important  to  avoid  the  shghtest  pricking 
or  cracking  of  the  surface. 

In  the  case  of  gases,  pressure  exercises  a  most  marked  effect  on 
their  dielectric  strength. 

Wolf  has  given  a  formula  for  the  electric  force  in  electrostatic 
units  required  to   begin  a  discharge  in  air  under  a  pressure  of   P 

**  Ann.  dcr  Physik^   Jimo  4,  1903,  vol.   11,  p.  670,  or  Science  Abstracts, 
vol.  vii.  A.,  p.  608. 
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atmoBpheies  between  metal  balls  10  cms.  in  diameter.^  If  E  is  this 
electric  force,  then — 

E  =  107P  +  39 

Thus  if  P  =  1,  then  E  =  146  E.S.  units,  or  146  x  300  =  43,800  volts 
per  centimetre.  Accordingly  the  dielectric  strength  at  normal  pressm^, 
according  to  Wolf,  is  43-8  kilovolts  per  centimetre,  which  is  higher 
than  the  value  obtained  by  other  observers. 

The  above  formula  holds  good  up  to  5  atmospheres.  Hence,  if 
P  =  6,  then  E  =  574,  and  this  corresponds  to  a  dielectric  stl:ength  of 
172-2  kilovolts  per  centimetre.  The  dielectric  strength  is  thus  nearly 
proportional  to  the  pressure,  and  the  potential  difference  required  to 
produce  a  spark  between  rounded  metallic  surfaces  varies  almost  as 
the  distance  between  them  and  as  the  pressure,  i.e.  upon  the  mass  of 
gas  lying  between  the  electrodes. 

In  forming  oscillating  circuits  by  joining  in  series  a  spark  gap, 
condenser,  and  inductance,  it  is  always  prudent  to  consider  what 
spark  length  is  permissible,  having  regard  to  the  thickness  and  nature 
of  the  dielectric  used.  Few  glass  Leyden  jars  will  bear  more  than 
20,000  volts  without  risk  of  puncture.  Hence  this  corresponds  to  a 
spark  length  of  7  or  8  mm.  in  air.  If,  then,  glass-plate  condensers  or 
Leyden  jars  are  used  and  larger  spark  gaps  are  required,  the  jars 
must  be  placed  in  series  in  sufficient  number  to  bear  the  strain.  Thus, 
if  the  capacity  of  a  single  jar  is  required,  but  a  spark  length  of  1*5  cm., 
four  jars  should  be  arranged,  two  in  parallel  and  two  in  series,  and  so  on. 

7.  The  Practical  Heasnrement  of  the  Capacity  of  Conductors. 
— If  there  be  any  two  conductors,  and  these  are  respectively  charged 
with  equal  quantities  of  electricity  of  opposite  sign,  and  if  a  difference 
of  potential  having  a  value  of  one  unit  is  created  between  them,  then 
the  quantity  of  electricity  or  the  charge  on  either  of  the  conductors  is 
a  measure  of  their  capacity  with  respect  to  each  other.  If  any  body 
is  charged  to  unit  potential  with  respect  to  the  earth,  and  all  other 
conductors  are  removed  to  a  very  great  distance,  the  charge  on  the 
conductor  in  question  is  a  measure  of  its  capacity  with  respect  to  the. 
earth.  The  quantity  of  electricity  which  will  raise  the  body  to  unit 
potential  above  the  earth  depends  on  its  form  and  position  and  upon 
a  quality  of  the  surrounding  insulator  called  its  dielectric  constant.  We 
may  define  the  dielectric  constant  as  follows : — 

If  electric  force  acts  upon  a  dielectric  it  produces  in  it  electric 
displacement.  If  a  uniform  electric  force  acts  upon  a  dielectric  and 
produces  in  it  uniform  electric  strain  or  displacement,  the  numerical 
ratio  of  the  displacement  through  unit  area  to  the  force,  or  of  the 
electric  strain  to  the  electric  stress,  is  called  the  dielectric  constant  of 
this  insulator.  The  name  is  not  well  chosen,  because  the  so-called 
constant  is  Jar  from  being  constant,  but  varies  with  temperatiure, 
voltage,  and  frequency,  and  it  would  be  better  to  coin  another  name. 2* 
The  dielectric  constant  bears  the  same  relation  to  electric  strain  and 
stress  or  electric  force  and  displacement  that  magnetic  susceptibility 

"  Wted.  Ann.  87, 1889,  p.  306.  • 

>«  The  tena  permittance  has  been  employed  by  Mr.  Oliver  Heaviside  to  signify 
that  which  is  generally  oalled  capacity,  and  the  word  permittivity  to  denote  the 
same  quality  which  the  terms  dielectric  constant,  or  specific  inductive  capacity, 
are  generally  used  to  express. 
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bears  to  magnetic  force  and  magnetization.  The  dielectric  constant 
may  otherwise  be  defined  as  the  number  which  expresses  the  ratio  in 
which  the  capacity  of  any  air  condenser  is  increased  if  the  air  is 
wholly  replaceid  by  the  dielectric  in  question. 

If  G  is  the  capacity  of  any  air  condenser  when  its  plates  are 
charged  to  a  potential  difference,  Y,  then  if  Q  represents  the  quantity 
of  electricity  stored  in  the  condenser,  we  have — 

Q  =  CV 

Q 
Hence  C  =  y,  and  we  may  define  the  capacity  of  a  conductor  as 

the  ratio  of  its  charge  to  its  potential.  If  the  air  is  wholly  replaced 
by  some  other  insulator  and  the  capacity  becomes  E  times  C,  or  KC, 
then  K  is  the  dielectric  constant  of  the  insulator. 

The  process  of  determining  the  dielectric  constant  generally 
consists  in  measuring  the  capacity  of  some  form  of  air  condenser  and 
then  measuring  it  again  when  for  air  we  have  substituted  the  insulator 
in  question. 

It  was  in  this  manner,  and  by  the  increase  in  capacity  so  observed, 
that  Earaday  made  the  first  measurements  of  dielectric  constant.^ 

It  is  not  necessary  here  to  consider  all  the  numerous  methods  for  de- 
termining dielectric  constants  which  have  been  proposed,  nor  the  whole 
of  the  processes  by  which  electric  capacity  can  be  determined.  These 
are  explained  in  text-books  on  physics  and  electrical  measurement. 

It  is,  however,  desirable  to  explain  rather  fully  one  method  of 
measuring  small  capacities  at  low  or  moderate  frequencies,  which  the 
author,  in  conjunction  with  Mr.  W.  G.  Glinton,  has  perfected,  as  it 
affords  a  means  of  making  many  of  the  capacity  measurements  which 
are  required  in  connection  with  high  frequency  electric  current 
investigation  or  Hertzian  wave  telegraphy. 

If  we  charge  an  insulated  conductor  to  a  potential  Y,  and  measure 

Q 

the  charge  Q  so  given,  then  the  ratio  v.,  when  Q  and  Y  are  measured 

in  consistent  units,  gives  us  the  capacity  of  the  conductor. 

If  that  capacity  is  small,  we  may  repeat  the  charging  n  times 
a  second  and  measure  the  quantity  nQ.  Suppose,  then,  we  discharge 
this  quantity  nQ  in  one  second  through  a  galvanometer.  It  is  eqmva- 
lent  to  a  current  nQ  in  its  effect  on  the  instrument.  Hence,  if  we  have 
the  means  to  continue  this  process  uniformly,  and  can  calibrate  the 
galvanometer,  we  have  all  the  information  necessary  for  measuring  the 
capacity. 

Many  methods  have  been  suggested  for  conducting  the  above 
operation,  but  there  are  practical  difficulties  in  it  which  have  only  been 
overcome  by  the  invention  of  a  thoroughly  effective  rotating  commu- 
tator, designed  to  effect  this  process  of  charging  a  conductor  with  a 
known  potential,  then  sending  the  charge  through  a  galvanometer,  and 
repeating  the  process  uniformly  a  known  number  of  times  per  second.^* 
The  details  of  this  commutator  are  shown  in  Fig.  6. 

'*  See  Faraday's  "  Experimental  Researches  in  Electricity  and  Magnetism," 
vol.  i.  Bar.  xi.  f  1187. 

»•  See  J.  A.  Fleming  and  W.  0.  Clinton,  "  On  the  Measurement  of  Small 
Capacities  and  Inductances,"  Proc,  Phys.  Soc.  Lond.,  190S,  vol.  18,  p.  886 ;  also 
PhU,  Mag.,  May,  1903,  vol.  v.  ser.  6,  p.  493. 
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The  instiniment  consists  of  a  continuous  current  electric  motor  of 
J  h.p.,  but  for  certain  purposes,  and  where  very  small  capacities  have 
to  be  measured,  it  is  preferable  to  employ  a  motor  of  i^  h.p.  This 
motor  (not  shown  in  the  diagram)  is  bolted  down  upon  a  baseboard, 
and  has  connected  with  it  a  starting  and  regulating  resistance.  The 
motor  is  preferably  100  or  200  volt  shunt-wound  motor.  To  the  shaft 
of  this  motor  is  connected  by  a  flexible  coupling  the  commutating 
arrangement  (shown  in  the  diagram  in  Fig.  6),  the  function  of  which 
is  to  charge  the  capacity  or  condenser  to  a  given  voltage,  and  then 
discharge  it  through  a  galvanometer,  repeating  this  process  four  times 
in  each  revolution  of  the  motor.  This  commutator  is  fixed  on  a  shaft, 
carried  in  well-lubricated  bearings,  supported  on  two  small  A  frames, 
P  (see  Fig.  6).  On  this  shaft  are  held,  by  means  of  ebonite  bushes 
and  washers,  three  gunmetal  discs  or  wheels,  of  which  the  centre  one, 
I,  is  in  shape  like  an  eight-rayed  star,  whilst  the  two  outer  ones,  A  and 
B,  are  like  crown  wheels,  each  having  fom:  teeth.  The  three  wheels 
are  so  set  on  the  shaft  that  the  teeth  or  projections  of  each  of  the  two 


B 


Fig.  7. 


outer  wheels  interlock  or  fall  in  the  space  between  the  teeth  of  the 
other,  whilst  the  radial  teeth  of  the  intermediate  wheel  occupy  the 
intervals  between  the  teeth  of  the  two  outer  wheels.  The  developed 
surface  of  this  triple  wheel  is  shown  in  Fig.  7.  The  whole  outer 
surface  is  turned  true,  and  forms  a  barrel  about  4  inches  in  diameter 
and  2j^  inches  wide.  On  this  barrel  rest  three  brass  gauze  brushes,  6, 
which  are  carried  in  well-insulated  brush-holders,  E,  and  by  means  of 
three  springs  and  levers,  L,  the  brushes  are  firmly  pressed  against  the 
barrel,  the  two  outer  brushes  resting  on  the  continuous  portions  or 
flanges  of  the  two  outer  wheels  and  B,  and  the  middle  brush  occupies 
the  centre  line  and  makes  contact  either  with  the  wheel  A  or  wheel  B, 
or  with  the  intermediate  wheel  I,  according  to  their  position.  It  will 
be  3een,  then,  that  as  the  commutator  runs  round,  the  middle  brush  is 
alternately  brought  into  metallic  connection  with  first  one  and  then 
the  other  of  the  two  brushes  on  either  side.  The  function  of  the 
middle  wheel,  I,  is  to  afford  a  stepping-piece  to  prevent  any  shock  or 
jar  as  the  middle  brush  passes  over  fix>m  one  conqection  to  the 
other.  It  also  prevents  the  middle  brush  from  short-circuiting  the 
two  outer  brushes  at  any  time.  If,  then,  one  terminal  of  the  galvano- 
meter is  connected  to  the  brush  pressing  against  the  wheel  A,  and  one 
terminal  of  a  battery  is  connected  to  the  brush  pressing  against  wheel 
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B,  aod  one  terminal  of  a  condenser  is  connected  to  the  middle  brush; 
the  other  terminals  of  the  battery,  galvanometer,  and  condenser  being 
connected  together,  it  will  easUy  be  seen  that  as  the  commutator 
cotates,  the  condenser  is  first  charged  at  the  battery,  and  then  dis- 
charged through  the  galvanometer.  It  is  convenient  to  employ  a 
speed  of  1200  and  1700  revolutions  per  minute.  To  count  the  rotations 
of  the  commutator,  a  worm,  W,  on  the  shaft  drives  a  wheel,  G,  of  such 
gear  that  the  latter  makes  one  revolution  for  every  hundred  revolutions 
of  the  commutator.  This  wheel  carries  a  pin,  which  at  each  revolution 
causes  a  hammer,  A,  to  strike  a  gong,  E.  Every  hundred  revolutions, 
therefore,  of  the  motor  or  commutator  the  gong  gives  one  stroke,  and 
by  means  of  a  stop-watch  it  is  easy  to  take  the  time  of  ten  strokes  of 
the  gong — in  other  words,  to  ascertain  the  time  in  seconds  of  a  thousand 
revolutions  of  the  motor,  and  therefore  of  the  number  of  commutations 
per  second.  In  the  case  of  the  motor  described,  1000  revolutions  take 
place  generally  in  40  seconds,  which  is  at  the  rate  of  1500  per  minute, 
and  therefore  corresponds  with  100  commutations  of  the  condenser 
per  second. 

Various  methods  of  making  the  rubbing  contacts  have  been  used, 
and  brass  gauze  brushes  found  to  be  the  best.  Carbon  brushes  were 
tried  at  one  time,  but  were  not  so  good  as  the  brass  gauze.  It  is 
essential  that  the  commutator  surface  should  be  kept  bright  and  clean, 
and  the  brass  gauze  brushes  do  this  themselves  when  adjusted  to  the 
right  pressure. 

Associated  with  this  commutator,  it  is  best  to  make  use  of  a 
galvanometer  of  the  movable  coil  type.  By  the  aid  of  this  instrument, 
given  a  source  of  constant  voltage  by  which  the  motor  can  be  driven 
steadily,  such  as  a  secondary  battery,  the  measurement  of  small 
capacities  becomes  an  exceedingly  easy  matter. 

In  the  case  of  most  movable  coil  galvanometers  the  scale  de- 
flections are  by  no  means  proportional  to  the  cinrent,  and  hence  when 
measuring  a  series  of  capacities  it  is  desirable  afterwards  to  plot  a 
calibration  curve  of  the  galvanometer  scale,  from  which  the  condenser 
currents  can  be  read  off  directly  in  microamperes.  This,  however,  is 
always  easily  accomphshed.  In  addition,  we  have  to  measure  the 
potential  of  the  discharging  battery.  For  most  practical  piu^oses 
this  can  be  done  by  a  Weston  voltmeter. 

Then  let  V  represent  the  voltage  of  the  battery  charging  the  con- 
denser or  aerial,  G  the  capacity  of  the  condenser  in  microfarads,  A  the 
current  in  microamperes  through  the  galvanometer,  and  n  the  number 
of  charges  per  second,  then — 

A  =  nGV 

or     G=^ 

To  determine  the  numerical  value  of  the  capacity,  we  have,  there- 
fore, to  standardize  the  galvanometer  or  determine  the  ampere  value 
of  the  steady  cinrent  which  will  make  the  same  deflection.  This  can 
be  accomplished  by  shunting  the  galvanometer  with  a  known  small 
resistance,  placing  the  two  shunted  galvanometers  in  series  with 
another  high  resistance,  and  then  applying  to  the  terminals  of  this 
circuit  a  cell  of  known  electromotive  force.     If  a  megohm  resistance 
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is  available  it  is  generally  possible,  by  placing  this  in  series  with  the 
galvanometer,  to  standaidize  the  galvanometer  off  the  same  battery 
used  to  charge  the  condenser.  In  this  case  no  voltage  measurement 
is  necessary. 

To  avoid  the  necessity  for  standardizing  the  galvanometer  and 
measuring  the  voltage  of  the  charging  battery,  the  author  has  devised 
a  method  employing  a  differential  galvanometer  which  in  principle  is 
as  follows:  The  condenser  discharges,  as  above  described,  pass 
through  one  coil  of  the  differential  galvanometer,  the  other  coil  being 
traversed  by  a  steady  current  taken  from  the  same  battery  and  there- 
fore having  the  same  voltage.  This  second  coil  is  shunted  by  means 
of  a  shunt  S,  and  has  in  series  with  it  a  high  resistance,  r.  If,  then, 
these  resistances  are  arranged  so  that  the  galvanometer  shows  no 
deflection,  we  have  the  following  equation  for  the  capacity : — 

nWG  V 


W  .      GS 

"  +  G+-S 

Hence    C  -  ^g^gp_-^^g 

where  G  is  the  resistance  of  the  galvanometer  and  S  that  of  the  shunt, 
and  n  the  number  of  charges  per  second  sent  through  the  galvanometer. 

This  determines  the  capacity  in  terms  of  a  conductance  and 
the  reciprocal  of  a  time,  thus  reducing  the  number  of  dimensional 
quantities  to  be  measured  to  the  minimum. 

In  carrying  out  this  method,  it  is  perfectly  impossible  to  use  an 
ordinary  movable  needle  differential  galvanometer,  because  with  an 
electromotive  force  of  100  volts  or  more  between  the  wires  forming 
the  coils  a  leakage  occurs  between  them  which  entirely  vitiates 
the  indications.  A  special  form  of  differential  movable  coil  galvano- 
meter is  therefore  necessary.  In  this  galvanometer  there  are  two 
sets  of  fixed  field-magnets,  and  also  two  movable  galvanometer  coils, 
completely  insulated  from  one  another,  but  attached  to  the  same 
stem,  which  also  carries  the  mirror.  Very  fine  spiral  flexible  wires 
convey  the  currents  into  and  out  of  each  coil.  In  order  to  make  the 
galvanometer  differential,  and  therefore  yield  no  deflection  when  the 
same  current  is  passed  in  opposite  directions  through  the  coils,  it  is 
necessary  to  be  able  to  adjust  exactly  the  field  strength  in  the  air- 
gap  of  the  fixed  magnets.  This  we  accomplished  by  means  of  two 
curved  pieces  of  soft  iron,  P,  which  are  moved  by  screws  to  or  from 
the  field-magnets  N,  S,  so  as  to  shunt  more  or  less  of  the  lines  of 
flux,  which  pass  between  the  pole-pieces  of  the  magnet.-  In  this 
manner  we  find  we  can  construct  a  movable  coil  differential  galvano- 
meter which  shows  no  deflection  when  the  same  or  equal  currents  are 
passed  in  opposite  directions  through  the  two  coils,  yet  each  coil  is 
perfectly  insulated  from  the  other. 

Employing  such  a  differential  movable  coil  galvanometer  in  con- 
nection with  a  commutator,  we  get  rid  of  all  necessity  for  measuring 
any  voltage  or  electromotive  force,  and  reduce  the  measurement  of 
capacity  simply  to  a  determination  of  the  speed  of  the  commutator 
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(which  can  be  taken  with  great  accuracy  by  means  of  a  stop-watch) 
and  the  known  value  of  the  shunt  and  series  resistances  in  connection 
with  one  coil  of  the  galvanometer.  Moreover,  we  can  always  tell 
from  the  speed  of  the  commutator  exactly  the  time  during  which  the 
condenser  is  in  connection  with  the  galvanometer,  and  hence  whether 
the  time  of  contact  is,  as  it  should  be,  large  compared  with  the  time- 
constant  of  the  discharge  circuit. 

By  the  aid  of  the  above-described  apparatus  the  measurement  of 
very  small  capacities  becomes  as  simple  as  the  measurement  of  small 
resistances. 

Measurements  must  always  be  made  by  difference,  and  account 
taken  of  the  capacity  of  the  commutator  itself  and  of  the  connecting 
leads.  Thus,  for  instance,  if  the  capacity  of  a  Leyden  jar  has  to  be 
measured,  the  jar  is  connected  as  shown  in  Fig.  8,  the  outer  surface 
to  the  common  terminal  of  the  battery  and  galvanometer,  and  the 
inner  one  to  the  middle  brush  of  the  commutator.  The  commutator 
is  then  run  up  to  speed,  and  the  speed  measured  by  taking  the  time 
with  a  stop-watch  of  lOQO  revolutions  or  ten  bell  strokes.  If  the 
galvanometer  deflection  remains  steady,  this  shows  the  speed  is 
nnifcHin.  When  the  deflection  has  been  measured  the  jar  is  removed, 
and  the  leads  open  circuited.  Another  run  is  then  taken,  and  the 
galvanometer  deflection  measured.     The  value  of  the  current  A  to  be 

inserted  in  the  formula  C  =  -y  is  the  difference  of  the  currents  in 

microamperes  corresponding  to  these  two  deflections. 

If  the  capacity  being  measured  is  that  of  an  insulated  body,  such 
as  an  aerial  wire  or  other  object,  then  it  is  connected  to  the  middle 
brash  of  the  commutator,  and  the  common  terminal  of  the  battery 
and  galvanometer  must  be  "  earthed."  The  same  procedure  as  above 
described  must  be  followed  to  eliminate  the  capacity  of  the  commutator 
and  leads. 

To  employ  the  instrument  for  the  measurement  of  dielectric 
constants,  some  form  of  air  condenser  must  be  provided  in  which  the 
dielectric  can  be  substituted  for  air  and  the  capacity  then  measured. 
There  are  not  many  forms  of  condenser  which  can  be  used  for  this 
purpose. 

If  two  insulated  metal  plates  of  area  S  square  centimetres  are  set 
up  in  air  parallel  to  each  other  at  a  distance  d  centimetres,  we  have 
an  air  condenser  which  has  a  certain  capacity.  Between  the  central 
portion  of  the  plates  the  lines  of  electrostatic  force  spring  straight 
across  normally  to  the  plates,  and  as  far  as  this  part  of  the  capacity  is 
concerned  it  can  be  calculated  in  electrostatic  units  by  the  formula 
usually  given  in  the  text-books,  viz. : — 

0  =  T-j  (in  electrostatic  units) 

where  A  is  some  area  of  the  plates  less  than  that  of  their  actual 
area  S.  The  whole  capacity  cannot,  however,  be  calculated  by  the 
simple  rule.  There  is,  in  addition,  a  distribution  of  electric  force  at 
the  edges,  and  beyond  the  edges  of  the  plates  in  curved  lines,  and  if 
the  distance  of  the  plates  is  large  compared  with  their  diameter,  the 
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capacity  due  to  this  part  of  the  flux  may  amount  to  a  large  fraction 
of  the  total  of  the  whole.  Hence  the  above  simple  formula  is  far 
from  giving  the  true  capacity  of  a  pair  of  paraUel  plates.  In  the 
same  manner,  the  substitution  of  a  sheet  of  dielectric  of  thickness  d 
for  the  air  betvreen  the  plates  will  not  enable  us  to  calculate  exactly 
the  dielectric  constant.  For  such  a  sheet  only  occupies  part  of  the 
space  filled  with  hnes  of  electrostatic  force. 

Kirchhoff  has  given ''  a  formula  for  calculating  exactly  the  capacity 
of  a  pair  of  parallel  circular  plates,  each  of  radius  r,  placed  at  a  distance 
d  apart  in  air,  as  follows : — 


^  =  ^/  +  £r/{''»°^« 


d  +  U 


+  nog,'Lp}  + 


where  t  is  the  thickness  of  the  plates,  C  is  any  part  of  the  capacity 

H|l|l|l|l|l|l|.|l|l|lh- 


^ 


e^,:- 


i/vvwwwvv-' 

S 

FiQ.  8.— B,  battery;   C,  condenser;  G,  galvanometer;  M,  commutator; 
R,  standardizing  resistance ;  S,  shunt ;  a,  6,  c,  three-way  plug  switch. 

which  does  not  change  with  the  distance  d,  and  c  is  the  base  of 
Napierian  logarithms.  Suppose,  then,  that  we  place  between  the 
plates  a  circular  disc  of  any  dielectric  having  a  dielectric  constant  K, 
such  disc  being  smaller  than  the  plates,  and  having  a  radius  r^  and  a 
thickness  rf,.  Let  the  plates  be  moved  up  to  touch  this  disc,  placed 
concentrically  between  them.  Then  the  capacity  of  the  system  is 
given  by  the  formula — 

Hence  by  measurement  of  Ci  and  the  dimensions  we  can  find  K. 
The  assumption  made  is  that  the  disc  of  dielectric  does  not  disturb 
the  distribution  of  the  field  outside  itself,  but  only  intensifies  the  field 

*'  Q.  Kirchhoff,  Gesammelte  Abhandlungen,  p.  112,  *'  Zur  Theorie  des  Conden- 
sators."    See  equation  (18). 
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within  itself  in  the  ratio  of  K  :  1.  This  assamption  is  not  quite 
Intimate,  but  the  method  is  approximately  correct,  and  certainly  far 
less  incorrect  than  the  assumption  usuaily  made,  that  the  whole 
original  capacity  of  the  plates  is  merely  increased  in  the  ratio  of  E  :  1 
by  inserting  a  plate  of  dielectric  of  the  same  size  as  the  plates  between 
them.  The  above  method,  using  Kirchhofifs  formula,  was  employed 
by  Messrs.  Pollock  and  VonwiUer  in  a  measurement  of  the  dielectric 
constant  of  plate  glass.^ 

If  we  put  t  =  0  in  Kirchhoff  expression,  we  have  the  capacity  of 
two  infinitely  thin  circular  discs  at  a  distance  d  apart.  It  reduces 
them  to — 

^       vi^  .    r  .       16irt' 


or 


''=^{'+s'^'-^) 


The  second  term  in  the  bracket,  therefore,  represents  that  fraction 
by  which  the  capacity  of  the  real  condenser  exceeds  that  of  the  ideal 
or  text-book  condenser,  in  which  the  electric  force  is  considered  simply 
to  pass  normally  from  plate  to  plate.     If  the  plates  are  10  cms.  in 

T  (l  16w7* 

radius  and  1  mm.  apart,  then  ^  =  100,  and  —  log«  -  j-  is  nearly  ^^5, 

so  that  the  real  capacity  exceeds  the  capacity  calculated  from  the 

formula  /— ,  by  only  2J  per  cent. 

We  are  led,  therefore,  to  this  conclusion,  that  if  the  circular 
condenser  plates  are  very  large  compared  with  their  distances  apart, 
we  may  calculate  the  capacity  of  the  condenser  by  the  simple 
formula — 

C  =  J — J — X TrSs  microfarads 

where  S  is  the  area  of  one  plate  in  square  centimetres,  and  d  is  their 
distance  apart  in  centimetres,  q  being  very  small. 

On  the  other  hand,  to  abolish  the  irregular  edge  distribution,  we 
may  make  use  of  a  gvard  plate.  One  of  the  condenser  plates  has  in 
it  a  large  aperture  which  is  nearly  filled  by  another  insulated  smaller 
plate.     The  two  last  plates  are  fixed  in  the  same  plane. 

The  outer  margin  of  the  smaller  plate  is  called  the  guard  plate. 

When  the  small  plate  and  its  guard  plate  are  charged  to  one  common 

potential,  differing  from  the  potential  of  the  opposed  larger  plate,  the 

lines  of  electrostatic  force  spring  straight  across  between  the  two 

plates,  and  the  capacity  of  the  small  plate  with  respect  to  the  opposed 

a 

one  is  very  nearly  given  by  formula  r   ,,  where  S  is  the  area  of  the 

small  plate  and  d  its  distance  from  the  other.     There  is,  however, 

**  See  Pollock  and  VonwiUer,  **  Some  Experiments  on  Electric  Waves  in  Short 
Wire  Systems  and  on  the  Specific  Inductive  Capacity  of  a  Specimen  of  Glass," 
PhU,  Mag,,  1902,  vol.  8,  ser.  6,  p.  586. 
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some  difficulty  in  applying  the  charge  and  discharge  method  to  this 
arrangement,  as  the  guard  plate  must  be  discharged  at  the  same 
instant  as  the  guarded  plate,  but  not  through  the  galvanometer. 

In  place  of  plates  we  may  employ  concentric  cylinders.  If  Ri  be 
the  inside  diameter  of  the  outer  cylinder,  and  E,  the  outside  diameter 
of  the  inner  cylinder,  and  /  the  common  length  of  both  cylinders,  all 
measured  in  centimetres,  then  the  capacity  in  electrostatic  units  with 
air  as  dielectric  is  given  by — 

"=-4 


2  log. 


R, 


provided  we  neglect  the  distribution  of  force  at  the  ends  of  the 
cylinders.  This  can  only  be  legitimately  done  when  their  length  is 
very  great  compared  with  the  difference  between  R^  and  B^ 

If  a  substance  having  a  dielectric  of  constant  K  is  substituted  for 
air,  the  capacity  becomes — 


C  =  . 


Kl 


2  log. 


(electrostatic  units) 


E, 


or    C  = 


KZ 

4146400  (log,o  Bi  -  logio  ^) 


microfarads 


There  is,  however,  a  distribution  of  electric  force  in  curved  lines 
at  the  ends  of  the  cylinders,  which  in  the  case  of  short  cylinders 
renders  the  above  formula  inapplicable. 

The  only  form  of  condenser  in  which  this  edge  effect  is  absent 
is  in  the  case  of  concentric  spheres.     If  a  solid  sphere  of  metal  of 

radius  Rj  is  supported  concentrically  with 
a  hollow  sphere  of  inner  radius  B^  the 
dielectric  being  air,  it  is  easy  to  show  that 
the  capacity  in  electrostatic  imits  is  given 
exactly  by  the  expression — 

If  we  substitute  for  air  any  other  insulator 
quite  filling  up  the  space  between  the 
spheres  and  the  capacity  becomes  K  times 
as  great,  then  K  is  the  dielectric  constant 
of  that  insulator.  A  form  of  double  cone 
condenser  was  designed  by  the  author  for 
certain  experiments  on  the  dielectric  con- 
stant of  liquids  or  frozen  liquids.  It  con- 
sists of  two  coaxial  cones  of  metal  (see 
Fig.  9),  which  can  be  adjusted  to  have 
any  desired  interval  between  the  inside  of 
one  cone  and  the  outside  of  the  other.  An  ebonite  or  glass  peg  at 
the  bottom  holds  the  cones  coaxially.  This  interspace  can  be 
fitted  with  liquid  and  the  capacity  of  the  condenser  so  formed  taken.* 

*»  See  Fleming  and  Dewar  on  "  The  Dielectric  Constant  of  Certain  Frozen 


Fia.  9,— Cone  Condenser. 
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There  are  several  simple  cases  of  conductors  insulated  in  space 
in  which  the  capacity  can  be  calculated  from  the  dimensions  of  the 
conductor.  Thus  if  a  metal  sphere  is  hung  up  in  infinite  space,  that 
is,  all  other  conductors  remov^  by  a  very  great  distance,  the  capacity 
of  the  sphere  in  electrostatic  units  is  numerically  equal  to  its  radius 
in  centimetres.  Since  1  mfd.  is  equal  to  900,000  electrostatic  units, 
the  capacity  G  of  a  sphere  of  radius  B  centimetres  himg  up  in  a 
medium  of  dielectric  constant  E,  all  other  bodies  being  very  far  off,  is 
given  by  the  rule — 

C  s= — --  (microfarads) 

9  X  10*  ^  ^ 

On  the  other  hand,  we  must  not  regard  an  ordinary  sized  room  as 
representing  infinite  space  electrically  speaking.  If  a  sphere  1 
metre  in  diameter  is  hung  up  in  a  room  30  feet  by  30  feet  by  15  feet, 
the  real  capacity  of  the  sphere  would  be  about  10  per  cent,  greater 
than  that  given  by  the  above  rule. 

Another  useful  case  is  that  of  a  flat  circular  disc.    The  capacity  of 

a  disc  of  diameter  i  centimetres  insulated  in  free  space  is  -  electrostatic 

units,  or  — g   ^^  mfds. 

A  circular  disc  about  5  feet  in  diameter  insulated  by  being  hung 
up  by  a  silk  string  in  the  centre  of  a  large  room  has  a  capacity  about 
10  per  cent,  more  than  that  given  by  the  above  formula.  In 
measuring  such  very  small  capacities  a  convenient  unit  is  the  micro- 
microfarad  (mmfds.),  which  is  one-miUion(h  of  a  microfarad.  Hence 
a  thin  circular  disc  of  which  the  diameter  is  28*27  cms.  =  9ir  cms. 
has  a  capacity  in  free  space  of  10  mmfds.  Hung  up  in  a  large  room, 
it  would  really  have  about  11  mmfds.  capacity. 

Another  important  case  is  that  of  a  thin  long  circular-sectioned 
wire  suspended  in  space.  Such  a  wire  may  be  taken  to  be  a  limiting 
form  of  an  ellipsoid  of  revolution.  The  capacity  G  of  an  ellipsoid 
with  semi-axes  a,  h,  and  c  in  infinite  space  is  given  by  the  expression  ^ — 


1  ^ir du  _ 

C      2Jo  V(a»+ir)(6»T^)(?»T^ 


0 

If  we  put  h  -  c  and  -  very  small,  the  above  integral  becomes 
equal  to — 

C=       ^ 

If  we  call  I  the  length  of  a  wire  and  d  its  diameter,  then  we  may 

Electrolytes  at  and  above  the  Temperature  of  Liquid  Air,"  Froc.  Boy.  Soc.  Lond.^ 
1897,  vol.  61,  p.  299. 

*•  See    "Handbook    for    the    Electrical  Laboratory    and    Testing    Room," 
J.  A.  Fleming,  vol.  ii,  chap.  ii.  p.  114. 
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say  that  the  capacity  of  such  a  wire  in  free  space  in  electrostatic 
units  is  given  by — 

C  = ^—m (47) 

The  capacity,  therefore,  of  a  wire  /  cms.  long  and  d  cms.  in 
diameter,  insulated  from  the  earth  and  considerably  removed  from 
it,  is — 

C  =  xj  microfarads    .     .     (48) 

4-6052  logio  ^^  X  9  X  10» 
a 

This  last  formula  may  be  put  in  the  form — 

C  =  XI  micro-microfarads 

4-1454  log,o  ^j 

and  gives  us  a  very  useful  formula  for  the  approximate  predetermina- 
tion of  a  single  insulated  vertical  wire  used  as  an  antenna  for  wireless 
telegraphy.  As  an  illustration  of  the  effect  of  the  proximity  of  the 
earth,  we  may,  however,  give  the  following  j&gures : — 

A  circular  metallic  disc  60  inches  in  diameter  was  suspended  and 
insulated  in  one  room  of  the  Pender  Electric  Laboratory  of  University 
College,  a  room  about  40  feet  by  50  feet  by  18  feet.     The  calculated 

capacity  by  the  formula  -  is  53'44  mmfds.,  the  measured  capacity 

was  found  to  be  59*95  mmfds.,  or  10  per  cent,  greater. 

A  wire  was  set  up  in  the  open  air  suspended  and  insulated  from 
a  mast.  The  length  was  111  feet,  and  diameter  0*085  inch,  or  0*215 
cm.  The  calculated  capacity  from  the  elhpsoid  formula  is  181  mmfds. 
The  observed  capacity  was  205  mmfds.,  or  10  per  cent,  greater. 
When  a  number  of  such  wires  are  hung  up  side  by  side  the  united 
capacity  is  always  much  less  than  that  of  the  sum  of  each  wire  alone. 
Thus  four  wires,  each  111  feet  long  and  0*215  cm.  in  diameter,  were 
hung  up  6  feet  apart ;  the  united  capacity  was  foimd  to  be  583  mmfds., 
and  not  820  or  4  x  205  mmfds.  In  the  same  way,  160  such  wires 
suspended  and  insulated,  the  wires  arranged  in  an  inverted  cone  shape 
with  angle  of  about  60° ;  the  wires  being  2  feet  apart  at  the  top  and 
in  contact  at  the  bottom,  were  found  to  have  a  united  capacity  of 
2685  mmfds.,  or  only  about  10  or  11  times  that  of  one  single  wire  of 
the  same  length  and  diameter.  The  above  figures  show  how  difficult 
it  is  to  obtain  any  very  large  capacity  by  suspending  insulated  sheets 
or  wires  of  metal  in  the  open  air.  If  we  attempt  to  multiply  the 
sheets  or  wires,  they  simply  reduce  each  other's  capacity,  and  the  sum 
total  is  very  far  below  the  sum  of  the  individual  capacities.'* 

As  the  case  of  a  long  thin  wire  insulated  in  air  is  important  from 

"  For  additional  information  on  this  point,  see  Fleming  and  Clinton,  "  On  the 
Measurement  of  Small  Capacities  and  Inductances,"  Phil.  Mag,,  May,' 1903, 
ser.  6,  vol.  5,  p.  493. 
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the  point  of  view  of  wireless  telegraphy,  we  give  another  method  of 
determining  the  capacity  by  calculation  which  is  due  to  Professor  A. 
Slaby« 

Let  a  circular-sectioned  cylinder  of  metal  have  a  length  I  and  a 
diameter  2r.  Take  the  centre  as  origin  and  consider  any  slice  of  the 
cylinder  of  length  dx  &t  b,  distance  x.  Then  let  p  be  the  density  of  the 
electric  charge  on  the  surface.  Hence  the  surface  charge  on  the  ring 
of  width  dz  is  ^irrpdx. 

The  potential  dV  due  to  this  annular  charge  at  the  origin  is — 

and  since  the  potential  in  the  cylinder  is  everywhere  the  same,  we 
obtain  the  potential  of  the  cylinder  by  taking  the  integral — 


J  o 


2vrpdx 


Hence    V  =  4^p{log.(l  +  ^r' +  ^)  -  log.r) 

But  2Trrpl  is  the  whole  charge  Q  on  the  cylinder,  and 'by  definition 

Q  I 

the  capacity  C  =  t^.     If,  then,  r  is  small  compared  with  o,  we  have — 

This  is  the  same  formula  as  (47). 

8.  Measuremeiit  of  Small  Capacities  with  High  Frequency 
EleotromotiTe  Foroes. — In  the  measurement  of  small  capacities 
such  as  those  of  Leyden  jars,  antennae  and  aerial  conductors  generally 
made  with  high  frequency  electromotive  forces,  there  are  some  sources 
of  error  against  which  the  experimentalist  must  be  on  his  guard.  If, 
for  instance,  the  capacity  of  a  Leyden  jar  of  the  ordinary  type  is 
measured  with  the  rotating  commutator  as  described  in  §  7,  at 
a  low  frequency,  that  is,  some  frequency  of  the  order  of  100,  and  if 
the  V^pacity  of  the  same  jar  is  subsequently  measured  with  a  high 
frequency,  that  is  to  say,  a  frequency  of  the  order  of  a  million  more 
or  less,  a  marked  difference  wOl  in  general  be  found  between  these 
two  results.  The  capacity  of  such  a  small  condenser  with  high 
frequency  electromotive  force  can  be  best  measured  by  the  aid  of  the 
author's  Direct  Reading  Cymometer  (see  Chap.  VI.  §  16).  By 
means  of  this  instrument  the  capacity  can  be  measured  easily  for 
different  high  frequencies  and  with  different  electromotive  forces. 
The  principle  on  which  high  frequency  measurement  of  capacity  can 

»'  6ee  A.  Slaby,  "  On  Wireless  Telegraphy,"  Elektrotechnische  Zeitschrift, 
Aug.,  190* ;  or  V£k:lairage  tUctrique,  Oct.  19,  1904,  vol.  41,  p.  179. 
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be  made  has  already  been  described  in  §  4  of  this  chapter.  It 
consists  in  determining,  by  means  of  the  cymometer,  the  frequency  of 
the  oscillations  set  up  in  a  circuit  composed  of  a  known  inductance 
and  the  capacity  to  be  measured.  Hence  by  varying  the  inductance 
we  can  vary  the  frequency  for  the  same  capacity,  and  if  the  condenser 
under  test  and  the  inductance  form  an  oscillatory  circuit  with  the 
spark  gap,  we  can  vary  the  charging  electromotive  force  by  varying 
the  length  of  the  spark  gap.  If  we  measure  in  this  manner  the 
capacity  of  a  Leyden  jar  for  frequencies  varying,  say,  from  1  to  2 
million,  and  with  various  spark  gaps,  say,  from  1  to  4  mms.,  it  will  be 
foimd  that  the  capacity  of  the  Leyden  jar  increases  with  the  length  of 
the  spark  gap  for  the  same  frequency.  The  cause  of  this  variation  is 
the  brush  discharge  which  takes  place  at  the  edges  of  the  tinfoil 
coating  of  the  jar.  When  the  Leyden  jar  oscillatory  discharge  is 
taking  place  an  electric  glow  will  be  seen  fringing  the  edge  of  the 
tinfoil.  This  really  amounts  to  an  escape  of  electricity  from  the  tinfoil 
over  the  glass,  and  is  equivalent  to  an  increase  in  the  capacity  of  the 
jar.  This  augmentation  may  amount  to  5  or  10  per  cent,  of  the 
capacity  measured  with  a  low  frequency  electromotive  force,  and  is 
therefore  by  no  means  negligible.  It  can,  however,  be  completely 
prevented  by  immersing  the  jar  in  highly  insulating  oil,  so  as  to 
prevent  glow  discharge  at  the  edges  of  the  tinfoil.  If  a  condenser  is 
constructed  of  glass  plates  having  tinfoil  coatings  put  on  in  the  usual 
manner,  then  no  sensible  variation  in  the  high  frequency  capacity  is 
found  when  the  plates  are  immersed  as  described  in  oil  when  using 
varying  values  of  the  spark  gap  length,  that  is,  of  the  charging  electro- 
motive force. 

On  the  other  hand,  with  sufl&cient  increase  in  frequency  of  the 
oscillations,  the  capacity  is  found  to  decrease  when  glow  discharge  is 
arrested  by  immersing  the  condenser  in  oil.  The  author  has  found 
that  in  comparing  the  capacity  of  a  condenser  with  glass  dielectrics  at 
low  frequency  (100)  and  a  high  frequency  (10*),  the  difference  in  the 
capacity  produced  by  the  glow  discharge  at  the  edges  of  the  tinfoil  is 
far  greater  than  the  difference  due  to  mere  electrical  frequency.  This 
increase  of  capacity  due  to  the  glow  discharge  depends  not  merely 
upon  the  spark  length  employed  in  making  the  measurement,  but  also 
upon  the  frequency  of  the  break  of  the  induction  coil,  so  that  in 
measuring  the  capacity  of  Leyden  jars  by  the  cymometer,  or  any 
other  method  employing  high  frequency  electromotive  force,  observers 
should  always  be  careful  to  state  the  spark  length,  the  spark  frequency, 
and  also  the  inductance  of  the  circuit  or  the  frequency  of  the  osciQations. 

As  an  instance  of  the  kind  of  variations  which  may  occur  in  such 
measurements,  the  following  results  are  given  of  observations  taken 
on  the  capacity  of  a  Leyden  jar  of  a  size  commonly  used  in  wireless 
telegraphy.  The  capacity  of  this  jar  measured  with  the  commutator 
at  a  frequency  of  100  was  found  to  be  0001263  mfd.  The  capacity  of 
the  same  jar  was  then  measured  with  the  author's  cymometer  for 
various  spark  lengths  and  inductances  in  series  with  the  jar,  as  shown 
in  the  Table  below. 
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Tablb  SHOwora  the  Variation  in  Capacity  of  a  Letdbn  Jab  with  Chaboino 
Voltage  and  Fbequbhgy. 


^k  gap.   j 

Siwrk 
Toluge 

IxMlQctance 

1          *° 
centimetres 

=  L. 

5,000 
1     10,000 
t     15,000 

t 

1       5,000 

10,000 

,     15.000 

! 

Obafrved 

ocirilUtlon 

coDBtont  of 

circuit 

=  VOL. 

Calculated  cafMcity  of 

jar  in  mtcrofarads. 

=  C. 

Frequency  of 

oacillatlonaused 

=  n. 

1  mm.     ' 
1    „ 
1    " 

4600 
»» 

« 

8100 
ft 

fi 

11,400 
»» 

2-55 
3-65 

2-60 
3-69 
4-52 

0001300 
0001332 

mean  =  0001316 

1-98  X  10« 
1-38  X  lO' 

2  mm. 

1  "    1 

"        1 

0001352 

0-001361 

0-001362 

mean  =  0001358 

0001458 

0-001421 

0001411 

mean  =  0001430 

0001480 

0001451 

0001479 

mean  =  0001470 

1-94  X  10« 
1-36  X  l(f 
112  X  10* 

3  mm.     ' 

3    „ 

3    „        1 

1      5,000 
1     10,000 
!     15,000 

1 

2-70 
8-77 
4-60 

1-85  X  10» 
1-34  X  10' 
110  X  10» 

4  mm.     j 
4    „        . 

14,500 
»» 

;    6,000 

10.000 
'    15,000 

1 

1 

2-72 
3-81 
4-71 

1-84  X  10* 
1-32  X  i(y 
107  X  10« 

The  capacity  of  the  same  jar  measured  with  low  frequency  n  =  100 
is  0-001263  mfds. 

In  this  case  the  jar  was  not  immersed  in  oil,  and  the  difference 
shown  between  the  high  frequency  measurements  are  largely  dependent 
upon  the  different  charging  voltages  used  and  irregularities  in  the 
break  of  the  induction  coil. 

9.  Tariation  of  Dielectric  Constant  with  Temperature  and 
Time  of  Charge.— Dielectric  constants  are  much  affected  (i.)  by  the 
temperature  of  the  insulator,  (ii.)  by  the  charging  voltage,  and  (iii.)  by 
the  mode  and  time  of  its  application,  viz.  whether  steady  or  reversed, 
and  if  reversed,  on  the  speed  or  frequency  of  the  reversals. 

Just  as  the  bending,  twisting,  or  strain  of  an  imperfectly  elastic  or 
semi-viscous  sohd  under  stress  depends  upon  the  temperature,  stress, 
and  mode  of  application  of  the  stress,  so  is  it  in  the  electrical  case. 
The  lower  the  temperature,  the  shorter  the  time  of  application  of  the 
electric  force,  the  smaller,  generally  speaking,  do  we  find  the  value  of 
the  dielectric  constant.  Observers,  however,  have  not  been  always 
careful  to  define  the  manner  in  which  their  experiments  have  been 
conducted,  and  hence  we  find  great  differences  between  the  recorded 
values  of  the  dielectric  constant  assigned  to  any  one  substance. 

For  a  very  large  number  of  solid  insulators  the  dielectric  constant 
is  approximately  equal  to  26  times  the  density.  When,  however,  we 
examine  various  solvents,  such  as  water,  alcohol,  glycerine,  nitro- 
benzol,  etc.,  we  find  that  the  introduction  into  a  chemical  molecule  of 
certain  radicles  or  atomic  groups,  such  as  hydroxyl  (HO),  nitryl  (NO), 
and  ammonyl  (NHj),  has  the  effect  of  creating  at  normal  temperatures 
abnormally  large  dielectric  constants.  Thus  the  dielectric  constant  of 
pure  water  at  ordinary  temperatures  is  about  80,  and  that  of  ethylic 
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alcohol  is  25.  Chemically  speaking,  water  is  a  hydrate  of  hydrogen, 
H(HO),  and  alcohol  is  ethyhc  hydrate,  C2H«(H0). 

The  discovery  was,  however,  made  by  Sir  James  Dewar  and  the 
author,  working  together,  that  extremely  low  temperatures,  such  as 
that  of  liquid  air,  had  the  effect  of  greatly  reducing  these  abnormally 
large  dielectric  constants. 

As  regards  temperature  change,  with  few  exceptions,  we  can  say 
that  decrease  of  temperature  decreases  the  dielectnc  constant.  Also 
that  decrease  in  the  time  of  charging  or  application  of  the  electric 
force  decreases  dielectric  constant.  This  is  well  shown  by  a  series  of 
observations  by  MM.  J.  Curie  and  P.  Compan."  They  measured  the 
dielectric  constant  of  three  samples  of  crown  glass  in  the  form  of  sheet 
at  temperatures  between  13°  C.  and  that  of  hquid  air  — 186°  C,  and  for 
various  times  of  charging  from  10  seconds  to  0-06  of  a  second,  and  the 
results  are  tabulated  below. 

DiSIiBCTBIG  GONBTAKT    OF    CBOWN  GlASS  AS  AFFBOTED    BY    TeMPEBATUBB    AND 

Time  of  Chabqiko. 

i  j  \  ^ 

Daration  of     |  Tempenttnre,      Temperatare,      Temperatare,  ,  Temperature,  '  Temperature, 
charge  in  seconds.  >         13°  C.         ,  0°C.  '        -19°C.        '        -t6°C.        i       -186°C. 

10  I  11-26  ,         9-47  8-44  '         7-09  I  649 

1  I  9-82  8-44  7-81  ,         7*09  |  6-49 

01  '  8-04  7-76  7-42  709  649 

0-06  I  7-85  I         7-60  7-36  709  I  649 

\ L : ^ ^ 

In  the  above  case  the  variation  of  the  dielectric  constant  (K)  with 
temperature  can  be  expressed  by  a  simple  linear  formula — 

K  =  Ko  +  AT 

where  E^  is  the  dielectric  constant  at  absolute  zero,  T  is  the  absolute 
temperature,  and  A  is  a  constant.  For  three  samples  of  crovm  glass, 
Curie  and  Compan  found — 

Ko.  A. 

6-08 000624 

6-88 000620 

6-24 0-00635 

Similar  results  were  found  with  ebonite,  mica,  and  quartz. 

It  is  evident,  therefore,  that  the  variation  of  dielectric  constant 
(D.C.)  with  time  of  charging  disappears  at  very  low  temperatures. 
An  extensive  series  of  experiments  on  the  dielectric  constants  of 
various  bodies  at  very  low  temperatures  was  carried  out  by  Sir  James 
Dewar  and  the  author  in  1896  and  1897,  the  results  of  which  were 
published  in  the  Froceedijigs  of  the  Royal  Society  of  London,  The 
following  is  a  list  of  the  published  papers  : — 

(1)  "  On  the  Dielectric  Constant  of  Liquid  Oxygen  and  Liquid  Air,"  Proc,  Boy, 
Soc,y  vol.  60,  p.  860. 

(2)  *'  Note  on  the  Dielectric  Constant  of  Ice  and  Alcohol  at  very  low  Tempera- 
tures," Proc,  Boy.  Soc.,  vol.  61,  p.  2. 

(3)  "On  the  Dielectric  Constants  of  Pure  Ice,  Glycerine,  Nitrobenzol,  and 

'*  See  Compt£8  Bendits^  June,  1902,  vol.  134,  p.  1296,  **  Sur  le  pourvoir  Induc- 
teur  Sp^dfique  des  di^lectriques  auz  basses  Temperatures." 
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Ethylene  Dibromide  at  and  above  the  Temperature  of  Liquid  Air,"  Proc.  Boy,  Soc., 
vol.  61,  p.  316. 

(4)  '*  On  the  Dielectric  Constant  of  Certain  Frozen  Electrolytes  at  and  above  the 
Temperature  of  Liquid  Air,"  Proc,  Roy.  Soc.,  vol.  61,  p.  299.  This  paper  describes 
the  oone  condenser  and  methods  used. 

(5)  "  Further  Observations  on  the  Dielectric  Constants  of  Frozen  Electrolytes 
at  and  above  the  Temperature  of  Liquid  Air,"  Proc,  Roy.  Soc^  vol.  61,  p.  881. 

(6)  "  The  Dielectric  Constants  of  Certain '  Organic  Bodies  at  and  below  the 
Temperature  of  Liquid  Air,"  Proc.  Roy.  Soc.,  vol.  61,  p.  868. 

(7)  "  On  the  Dielectric  Constants  of  Metallic  Oxides  dissolved  or  suspended  in 
Ice  cooled  to  the  Temperature  of  Liquid  Air,"  Proc.  Roy,  Soc.,  vol.  61,  p.  368. 

(8)  "  A  Note  on  some  Further  Determinations  of  the  Dielectric  Constants  of 
Organic  Bodies  and  Electrolytes  at  very  Low  Temperatures,"  Proc,  Roy.  Soc., 
vol.  62,  p.  250. 

The  general  results  of  all  these  observations  was  to  show  that 
redaction  of  temperature  lowered  the  dielectric  constant,  in  some  cases 
in  a  very  marked  degree.  Also  they  showed  that  the  result  of  increas- 
ing the  frequency  when  using  an  alternating  electromotive  force  was 
to  reduce  the  dielectric  constant,  in  some  instances  in  the  most 
marked  manner,  but  in  other  cases  hardly  at  all. 

In  a  later  chapter  we  shall  discuss  the  relation  between  dielectric 
constant  and  optical  refractive  index,  known  as  MaxwelFs  law, 
Accoriding  to  this  law,  the  dielectric  constant  K  should  be  numerically 
equal  to  the  square  of  the  refractive  index,  fi^^  in  those  cases  in  which 
the  magnetic  permeability  is  equal  to  that  of  air.  If,  however,  we 
take  fi  to  be  the  optical  refractive  index,  then  exceptions  are  fiir  more 
numerous  than  the  coincidences  with  the  law. 

The  great  majority  of  liquid  and  solid  dielectrics  at  ordinary 
temperatures  do  not  obey  Maxwell's  law,  but  it  was  shown  by  the 
investigations  of  the  above-named  authors  that  when  cooled  to  very 
low  temperatures  the  abnormally  large  values  of  some  dielectric  con- 
stants disappeared  and  are  brought  into  much  closer  agreement  with 
the  square  of  the  optical  refractive  index.  The  following  table  shows 
some  of  the  results  obtained  by  Heming  and  Dewar : — 

DucLECTRic  CoNSTAirrs  (K)  AT  Different  Tempebatures.  taken  wrra  Alteb- 

NATUVG  ELBCTBIC  FoBCB  HAVING   A  FbEQUENCT  OF  120. 


Subrtanoe. 


K  at  li9  C. 


Water 

Formic  acid   .    .    . 

Glycerine 

Methyl  alcohol  .    , 
Mononitrobenzol 
Ethyl  alcohol     .     . 
Acetone     .    .     .     . 
Ethyl  nitrate      .    , 
Amyl  alcohol .     . 
Aniline .... 
Castor  oil  .    .    . 
Ethylic  ether 
Olive  oil     .     .     . 
Carbon  bisulphide 
Petroleum  oil 
Turpentine     .    . 
Benzol  .... 


80 

62 

56 

U 

82 

25-8 

21-86 

17-72 

16-0 
7-61 
4-78 
4-25 
816 
2-67 
207 
2-23 
2-38 


Kat  -185°  C. 


2-4  to  2-9 
2-41 
3-2 
8-13 
2-6 
3-11 
2-62 
2-72 
214 
2-92 
2-14 
2-31 
2-18 
2-24 


Square  of  optical 
refractive  Index. 


1-779  for  D  line 


1-831 


1-961 

2153 

1-805 

2-131 

201 

2075 

2128 
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B.  B.  Turner  determined  with  great  care  the  dielectric  constants 
of  certain  pure  liquids,  which  are  given  in  the  table  below  and  agree 
fairly  well  with  those  in  the  preceding  table.** 

SubsUnoe.  Dielectric  oonsUnt  K  at  18°  C. 

Water 8107 

Nitrobenzol 86-46 

Orthonitrotoluol 27*71 

Ethyl  chloride 10-90 

Aniline 7-298 

Ether 4867 

Metaxylol 2-876 

Benzol 2-288 

The  values  obtained  for  the  dielectric  constants  of  various  well- 
known  solid  insulators  dififer  very  much,  but  the  following  table  gives 
some  accepted  values : — 

DiBLSCTBic  GoKSTAirrs  OF  Various  Solid  Insudatobs. 


SabsUnoe. 


Flint  glass  (dense)    .    .    . 

„        .,     (light)     .    .     . 

Crown  „     (hard)     ,     .     . 

Calcite 

Fluorspar 

Mica 

Tourmaline 

Rock  salt 

Quartz 

Sulphur 

Shellac   ....... 

Ebonite 

Indiaruhber  (pure  brown) 
„          (vulcanized)  . 
Paraffin  wax 


Dielectric  oonsUnt  K  at 

Square  of  optical  index 

16°  0. 

of  refraction /x. 

101 

2-924 

6-67 

2-875 

6-96 

— 

7-7 

2-784  A 

6-7 

2-05 

6-64 

2-526 

605 

2-68 

5-85 

2-86 

4-66 

2-41 

2-9  to  4-0 

4-89  B 

2-7  to  80 



2-05  to  815 



212 

— 

2-69 



2-0  to  2-8 

— 

Values  given  for  the  dielectric  constant  of  various  substances  by 
dififerent  observers  differ  considerably,  and  as  the  circumstances  of  the 
measurement  with  respect  to  the  time  of  charging  and  the  electric 
force  used  have  not  been  identical,  we  cannot  consider  the  so-called 
"  constant "  as  more  than  an  exceedingly  rough  guide  in  the  predeter- 
mination of  capacity.  Particularly  is  this  the  case  with  regard  to 
glass.  This  material  is  of  very  variable  composition,  and  its  dielectric 
constant,  according  to  some  observers,  varies  very  much  with  the 
time  of  charging.  Hence,  caution  must  be  taken  not  to  apply  indis- 
criminately the  results  of  low  frequency  dielectric  measurements  in 
high  frequency  work, 

M.  V.  Hoor  has  carried  out  investigations  on  the  effect  of  variation 
in  the  electric  force  employed  on  the  resulting  measured  dielectric 
constant.     The  electric  force  was  measured  in  volts  per  centimetre  of 

**  See  Zeitschrift  fUr  Phys.  wtd  Chem,,  1900,  vol.  86,  p.  885  ;  also  Science 
Abstracts,  vol.  4,  p.  508. 
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thickness,  that  is,  by  dividing  the  charging  voltage  by  the  thickness  of 
the  dielectric.     The  results  for  some  dielectrics  are  given  below : — ^ 


VaBIATION  of  DiJSLBCTBIC  OONSTAITT  WITH  ElBCTRIC  FoBCB. 


Sobetanoe. 

Electric  force  in  voIIb 
per  centimetre. 

66-5 

0-528 
22-9 

4-46 
27-2 

1087 
41000 

0-491 

5-95 

0-286 

Dielectric  ooDBtant. 

Paraffined  paper 

it                     »» 

Crown  glass.  No.  1 

»f          f»        ft       

Crown  glass.  No.  2 

Guttaperoha 

Megohmit       

»»               

8-66 
8-68 

10-7 

12-8 
6-92 
7-22 
8166 
8-26 
509 
6-81 

It  will  be  seen  that  there  is  a  considerable  variation  in  the  case  of 
glass,  the  dielectric  constant  increasing  as  the  electric  force  diminishes. 
In  connection  with  this,  it  is  worth  while  to  note  that  the  variation  of 
conductivity  in  dielectrics  is  in  the  same  direction.  It  has  been  found 
that  for  most  insulators  the  insulation  resistance  decreases  as  the 
applied  electromotive  force  increases.** 

In  these  respects  glass  has  a  disadvantage  as  a  dielectric  compared 
with  ebonite,  as  far  as  its  use  with  high  frequency  currents  is 
concerned. 

Another  very  important  cause  of  variation  in  dielectric  constant  is 
the  frequency  of  electric  force.  It  is  evident  we  may  take  the  ratio  of 
electric  displacement  to  electric  force  either  with  a  steady  electric  force, 
uniformly  acting  in  one  direction,  or  with  a  periodically  reversed 
electric  force,  having  any  assigned  frequency.  In  the  case  of  some 
dielectrics,  such  as  ebonite  or  sulphur,  there  is  usually  said  to  be  very 
little  difference  between  the  dielectric  constant  f oimd  with  low  frequency 
alternating  electric  force  and  that  under  high  frequency  electric  force. 
On  the  other  hand,  with  glass  there  is  said  to  be  a  very  marked 
difference,  according  to  the  experiments  of  many  observers,  with  the 
exception,  however,  of  PoUock  and  VonwHler,  who  deny  that  glass 
exhibits  any  very  marked  variation  of  dielectric  constant  with 
frequency.  This  is  confirmed  by  Dr.  J.  Hopkinson  and  Prof.  E. 
Wilson,  who  say  that  the  dielectric  constant  of  English  light  flint 
glass  is  constant  for  low  frequencies  and  up  to  a  frequency  n  =  2  x  10" 
(see  Pha.  Trans,  Bay,  Soc,  Land.,  1897,  vol.  189,  p.  109). 

The  author  has,  however,  found  that  both  glass  and  ebonite  give 
evidence  of  a  decrease  in  dielectric  constant  with  frequency,  and  that 
only  liquid  hydrocarbons  can  be  considered  as  having  a  dielectric 
constant  independent  of  the  frequency. 

»*  See  Eleklrotechnische  Zeitschrift,  vol.  22,  p.  716 ;  or  Science  Abstracts,  vol.  v. 
p.  82. 

**  See  A.  W.  Ashton,  "  On  the  Resistance  of  Dielectrics  and  on  the  Effect  of 
an  Alternating  Electromotive  Force  on  the  Insulating  Properties  of  Indiarubber," 
Phil,  Mag.,  1901,  ser.  6,  vol.  2,  p.  501. 
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It  has  been  found,  both  by  Professor  J.  J.  Thomson  and  by  M.  E. 
Blondlot,  that  at  a  frequency  of  25  x  10*  the  dielectric  constant  of  glass 
has  a  value  as  low  as  2*7  or  2-8.  For  a  low  frequency  of  steady  force, 
the  value,  as  shown  by  the  tables  already  given,  is  from  6  to  lO."^ 

Again,  all  observers  who  have  determined  the  dielectric  constant 
of  water  or  ice  with  low  frequency  force,  say  between  1  and  200 
alternations  of  electric .  force  per  second,  have  found  a  value  for  the 
dielectric  constant  not  far  from  80. 

If,  however,  the  dielectric  constant  of  ice  is  determined  at  — 185°  C. 
with  a  frequency  of  120  ^,  then  its  dielectric  constant  is  found  to  be 
about  2'4  to  2*9.  In  some  cases,  such  as  ethylic  alcohol,  a  very 
moderate  increase  in  the  frequency  sufl&ces  to  sensibly  reduce  the 
dielectric  constant. 

It  has  been  pointed  out  by  Fleming  and  Dewar  that  reduction  of 
temperature,  even  when  operating  with  low  frequency  alternation  of 
electric  force,  has  the  same  effect  as  an  increase  of  frequency  alone  at 
constant  ordinary  temperature  in  reducing  the  abnormally  large 
dielectric  constants  of  certain  bodies  to  a  value  more  in  accordance 
with  Maxwell's  law. 

For  these  reasons,  therefore,  glass  is  a  dielectric  not  very  suitable 
for  making  condensers  to  be  employed*  in  exact  scientific  work  with 
high  frequency  currents. 

Its  cheapness,  however,  and  other  good  electrical  and  mechanical 
qualities,  make  it  a  very  convenient  substance  to  use  for  commercial 
work. 

10.  Dielectric  HysteresiB. — The  question  of  the  energy  dissipation 
in  dielectrics  under  rapidly  reversed  electric  forces  is  one  which  has 
'been  much  studied.**  In  the  case  of  a  perfect  dielectric  used  as  the 
insulator  of  a  condenser  there  should  be  no  internal  dissipation  of 
energy  by  charge  and  discharge.  If  the  alternating  electric  force  is 
sinoidal,  then  the  capacity  current  should  be  also  of  the  same  form 
and  90  degrees  different  in  phase,  the  current  being  in  advance  of  the 
electromotive  force.  The  power  factor,  or  cosine  of  the  angle  of  phase 
difference,  should  therefore  be  zero.  As  a  matter  of  fact,  in  the  case  of 
most  actual  condensers  the  power  factor  is  not  zero,  and  when  subjected 
to  alternating  electromotive  force  they  rise  in  temperature,  and  this 
points  to  some  internal  cause  of  energy  dissipation  in  the  dielectric. 
This  has  generally  been  attributed  without  discrimination  to  dielectric 
hysteresis. 

It  is,  however,  necessary  in  the  first  place  to  distinguish  carefully 
between  energy  loss  due  to  true  resistance,  electrolytic  action,  or 
electric  discharges,  and  that  (if  any)  involved  in  simply  creating 
change  of  dielectric  polarization  or  electric  displacement.  It  is  a 
matter  of  great  difficulty  to  free  any  insulator  so  completely  from 
water  and  air  or  electrolyzable  material  that  under  alternating  electric 
force  no  heat  is  produced  in  it  by  true  joulean  action.     It  has  been 

"  See  Prof.  J.  J.  Thomson,  Proc,  Roy.  Soc^  1889,  vol.  46,  p.  293,  '» On  Specific 
Inductive  Capacities  of  IMelectrics  under  Rapidly  Alternating  Electromotive 
Force  "  ;  also  M.  R.  Blondlot,  Comptes  Rendus,  1891,  vol.  112,  p.  1068.  Oomparo, 
however,  with  Pollock  and  Von  wilier,  Phil.  Mag.y  1902,  ser.  6,  vol.  8,  p.  686. 

'*  For  a  fairly  full  resume'  of  knowledge  on  this  subject  up  to  1896,  see  a  paper 
by  P.  Gasnier  in  The  Electrician,  Nov.  1, 1895,  vol.  86,  p.  7. 
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considered  that  this  could  be  eliminated  by  making  a  measurement 
first  with  alternating  electromotive  force  and  then  with  continuous 
current  at  the  same  E.M.S.  voltage,  and  employing  a  voltmeter  to 
measure  the  power  taken  up  in  both  cases. 

The  first  measurement  is  then  assumed  to  give  the  total  losses, 
and  the  second  the  C^B,  or  heating  losses,  and  also  the  electrolytic 
losses.  This  method  was  adopted  by  Mr.  Steinmetz,*  and  he  came 
to  the  conclusion  that  there  was  a  true  dielectric  hysteresis  loss,  varying 
as  the  square  of  the  electromotive  force.  There  are  objections  to  this 
method,  on  the  ground  that  the  resistance  of  a  dielectric  is  an  ill- 
defined  quantity,  and  in  any  case  is  a  function  of  the  voltage  and  time 
of  application.  Moreover,  loss  by  creeping  over  the  surface  of  the 
dielectric  or  brush  discharges  at  the  edges  of  the  electrodes  is  not 
eliminated.  In  the  same  manner  measurements  of  power  factor  by 
the  wattmeter,  or  measurements  of  the  angle  of  lag  made  on  open 
circuited  cables,  may  give  a  value  of  the  total  loss  due  to  all  causes  in 
the  insulator  of  a  cable,  but  they  do  not  settle  the  question  whether 
there  is  an  energy  dissipation  due  simply  to  change  in  the  polarization 
or  electric  strain,  analogous  to  true  magnetic  hysteresis  in  iron.  In 
fact,  just  as  we  must  distinguish  between  true  magnetic  hysteresis 
and  eddy  current  loss,  so  in  the  case  of  insulators  we  must  distinguish 
between  that  which  may  properly  be  called  "  dielectric  hyteresis  "  and 
other  sources  of  energy  dissipation.  Another  mode  of  procedure  was 
suggested  by  Bicardo  Amo.**  He  placed  a  cylinder  of  an  insulating 
material  in  a  rotating  electrostatic  field,  and  found  that  it  was  set  in 
rotation^  Prof.  B.  Threlfall  has  also  conducted  an  extensive  and  well- 
devised  series  of  experiments  with  a  modification  of  Amo's  apparatus, 
and  carefully  examined  various  sources  of  error.*^  Threlfall  used  his 
dielectrics  in  the  form  of  ellipsoids  of  revolution  and  created  the 
rotating  field  by  mechanically  rotating  a  sort  of  air  condenser  with  a 
steady  uniform  field.  Between  the  plates  of  this  condenser  the  ellip- 
soid was  suspended.  He  carefully  dried  the  surface  of  the  dielectric 
and  suspended  it  by  a  quartz  fibre,  and  shielded  the  mirror  and 
attachments  from  electrostatic  action.  Out  of  a  very  large  number 
of  experiment?  on  ebonite,  sulphur,  resin,  and  other  dielectrics,  he 
came  to  the  following  conclusions : — 

(i.)  When  an  ellipsoid  of  a  solid  dielectric  is  placed  in  a  rotating 
electric  field,  it  is  set  in  rotation  even  when  all  sources  of  true  electric 
conduction  are  ehminated.  This  indicates  that  the  electric  strain  or 
polarization  lags  behind  the  electric  force  in  phase.  Hence,  in  one 
sense,  this  13  a  "  hysteresis  "  effect. 

(ii.)  The  effect  is  absent  in  liquid  dielectrics. 

(iii.)  In  solid  dielectrics,  if  were  present  the  internal  electric  force 
by  F,  and  the  energy  expenditure  due  to  the  true  dielectric  hysteresis 
by  W,  then — 

W  =  aF^ 

»•  See  0.  P.  Steinmetz,  Electrical  Engineer^  New  York,  March  16, 1892 ;  or 
The  Electrician^  London,  1892,  vol.  28,  p.  602. 

*•  See  B.  Amo,  Accademia  dei  Lincei,  Oct.  6,  1892,  and  April  30,  1893.  See 
The  Electrician,  1893,  vol.  30,  p.  516 ;  vol.  31,  p.  201 ;  vol.  32,  p.  222  ;  vol.  33,  p.  210. 

**  See  R.  Threlfall,  "  On  the  Conversion  of  Electric  Energj'  in  Dielectrics," 
PhysiccU  Beview,  1897,  vol.  Iv.  p.  457 ;  vol.  v.  p.  21. 
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The  exponent  n  is  a  number  lying  between  1-6  and  1*95  for  ordinary 
homogeneous  dielectrics,  but  it  is  not  exactly  1*6. 

(iv.)  This  hysteresis  loss  is  very  variable  in  passing  from  specimen 
to  specimen,  and  an  exact  value  cannot  be  assigned  to  any  suJjstance  as 
contrasted  with  a  specimen, 

(v.)  As  regards  the  factor  a,  it  is  a  very  small  number  in  the  case  of 
paraffin  wax,  but  in  the  case  of  glass  and  ebonite  may  approach  a 
value  003  or  004.  Thus  for  a  particular  sample  of  ebonite  the 
formula  found  was — 

W  =  0-029  F^'^^^ 

and  for  a  flint-glass  spheroid — 

W  =  0038  ¥^'^ 
whilst  for  a  paraffin  ellipsoid— 

W  =  00008  F^*^^ 

The  constant  a  varies  according  to  Threlfall  greatly  from  sample 
to  sample,  but  the  index  n  is  much  more  constant  for  samples  of  the 
same  material,  but  varies  from  material  to  material. 

This  loss  can  be  expressed  as  a  percentage  of  the  energy  stored 

per  unit  of  volume.     For  if  F  is  the  uniform  internal  electric  force  in 

one  unit  of  volume,  then  the  energy  stored  is  iCF^  where  C  is  the 

K 
capacity  per  unit  of  volume.     But  C  =  .     for  unit  volume,  hence  the 

energy  stored  T  =  -^— . 

OTT 

But  the  energy  expended  in  hysteresis  is  W  =  aF",  therefore — 

W       87ra    „    „ 
^  =  -j^F'^-2  =  p  (say) 

Let  F  =  1,  then— 

^-    K 

Taking  the  case  of  sulphur,  Threlfall  gives  the  following  figures : 
K  =  3162,  a  =  00139,  n  =  1-91.  Hence  fi  =  01112,  or  nearly 
11  per  cent. 

For  ebonite,  K  =  35,  a  =  0029,  n  =  1765,  and  p  =  0212  =  21-2 
per  cent.  The  above  ratio  denoted  by  p  must  not  be  confused  with 
the  ratio  of  the  total  dielectric  energy  dissipation  to  the  volt-amperes 
or  product  of  the  condenser  current  and  impressed  voltage.  This  last 
is  the  power  factor  (P.F.)  of  the  condenser.  Taking  sinoidal  variation 
of  condenser  current  and  voltage,  and  assuming  no  energy  loss  except 
the  true  hysteresis,  we  have  the  volt-amperes  per  unit  volume  in 

equivalent  electrostatic  measure  given  by  C^F  or  by   :-2imF  ="2 

2W 
Hence  for  unit  internal  force  the  power  factor  (P.F.)  is  equal  to   ^r 

,    2a 
or  to  -. 
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For  the  sulphur  mentioned  above  this  gives  P.F.  =  0009,  and  for 
ebonite  P.F.  =  0017. 

Threlfall  also  made  experiments  with  an  apparatus  designed  by 
Ebert  for  producing  a  very  high  frequency  revolving  electric  field,  and 
placed  various  solid  dielectrics  in  it.  There  is  no  need  to  describe 
the  apparatus  in  detail,  for  this  the  reader  must  refer  to  the  original 
paper.**  The  results,  however,  showed  that  for  a  frequency  as  high 
as  lO'  dielectric  hysteresis  was  absent.  This  result  shows  that  any 
heating  of  condensers  which  occurs  with  high  frequency  currents 
must  be  due  to  electric  conduction,  electrolysis  or  discharges  over  the 
surface,  and  not  to  true  dielectric  hysteresis. 

In  regard  to  the  general  question  of  dielectric  hysteresis,  Prof.  A. 
W.  Porter  and  Dr.  D.  K.  Morris  have  pointed  out  that  it  is  necessary 
to  distinguish  between  merely  viscous  effects  and  true  hysteresis.^  If 
an  electric  force  is  applied  to  a  dielectric  it  may  take  time  to  establish 
the  corresponding  electric  strain,  in  which  case  viscosity  is  present. 
On  the  other  hand,  the  strain  may  have  the  same  value  whether 
it  has  been  arrived  at  by  descending  from  a  large  force  or  rising  up 
from  a  small  one  to  the  same  value.  In  this  last  case  true  hysteresis 
is  absent.  In  experiments  made  with  a  particular  mica  condenser, 
Porter  and  Morris  found  dielectric  viscosity  but  no  true  dielectric 
hysteresis.  If  viscosity  is  present,  it  follows  that  when  the  impressed 
force  varies  in  value  but  not  direction  the  resulting  flux  value  is 
a  function  of  the  frequency.  In  the  case  of  magnetism,  it  has  been 
shown  that  the  permeability  is  less  as  the  speed  of  alternation  of  the 
force  increases.  So  also,  in  the  case  of  dielectrics,  there  seems  clear 
evidence  that  the  dielectric  constant  does  decrease  in  value  as  the 
frequency  of  the  electric  force  increases.  E.  E.  Northnip  **  measured 
the  dielectric  constant  of  paraffin  and  of  a  variety  of  glass  for  fre- 
quency two  values  not  precisely  stated,  but  called  respectively  high 
and  low. 

Northnip  foimd  values  of  the  dielectric  constant  K  as  follows :  — 

Paraffin  wax  (melting  point  54°  C.)   .     .     .     .  K  =  232  low  frequency. 

, K  =  2-26  high        „ 

Glass K  =  6-25  low  frequency. 

K  =  5-86  high 

On  the  other  hand,  there  is  no  doubt  that  in  the  majority  of 
dielectrics  the  presence  of  moisture  and  conducting  particles  or 
heterogeneity  of  structure  gives  rise  to  true  conduction  currents  in 
the  mass  of  the  dielectric,  and  therefore  to  an  energy  dissipation. 
In  the  case  of  high  frequency  currents,  it  is  to  this  surface  creeping, 
internal  discharge  or  conduction,  that  we  must  look  for  a  source  of 
energy  waste  and  dielectric  heating,  and  not  to  true  dielectric 
hysteresis.  Experiment  shows  that  in  the  case  of  English  flint  glass, 
when  used  as  the  dielectric  of  condensers  for  high  frequency  currents, 

*-  See  Ebert,  Wied,  Annalen,  1894,  vol.  63,  p.  144. 

**  Porter  and  Morris,  Proc,  Boy.  Soc.y  1895,  vol.  57,  p.  4G9  ;  also  Tlic  Elect riciaji, 
April  12, 1896,  vol.  84,  p.  736. 

"  E.  E.  Northnip,  "  A  Method  for  comparing  the  Values  of  the  Spocifio 
Inductive  Capacity  of  a  Substance  under  Slowly  and  Rapidly  Varying  Fields. 
Results  for  Paraffin  and  Glass,"  Phil  Mag.,  1895,  vol.  89,  5th  ser.  p.  78. 
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there  is  no  sensible  internal  energy  loss,  provided  that  brush  dis- 
charges from  the  edges  of  the  coatings  are  prevented  by  immersing 
the  condenser  in  highly  insulating  oil. 

11.  The  Heasurement  of  High  Frequency  Electric  CurrentB. 
Hot  Wire  Ammeters. — In  dealing  with  electrical  oscillations  and 
high  frequency  currents  we  require  special  forms  of  ammeter  for 
making  the  required  current  measurements.  In  some  cases  instru- 
ments can  be  employed  for  comparative  measurements  which  depend 
for  their  action  upon  the  production  of  a  magnetic  field  round  the 
conductor  through  which  these  oscillations  pass.  In  this  case  the 
oscillations  have  to  pass  through  an  isulated  wire  wound  up  into 
some  form  of  coil.  It  is,  however,  difficult  to  graduate  such  instru- 
ments so  as  to  make  their  scales  read  correctly  the  mean-square  or 
effective  value  of  oscillatory  currents  of  various  frequencies  sent 
through  the  coil.  This  arises  from  the  fact  that  with  high  frequency 
currents  in  close  coils  of  insulated  wire  a  considerable  dielectric 
current  passes  from  coil  to  coil,  and  is,  so  to  speak,  shunted  out  of 
the  wire  to  a  degree  depending  upon  the  frequency.  Hence,  as  a 
rule,  coil  or  electro-magnetic  instruments  are  not  so  suitable  as  those 
of  the  straight  hot-wire  type  for  the  direct  measurement  in  amperes 
of  a  high  frequency  current.  It  is  not,  however,  every  form  of  hot- 
wire ammeter  which  is  available  for  the  purpose.  Most  hot-wire 
ammeters  in  use  for  measuring  continuous  or  low  frequency  alter- 
nating currents  are  constructed  on  the  shunt  principle.  The  main 
part  of  the  current  flows  through  a  fixed  coil  on  metal  strip,  and  a 
shunted  portion  passes  through  a  bye-pass  wire,  which  is  thereby 
heated,  expanded,  and  provides  the  means  of  indication  or  measure- 
ment. This  shxmted  circuit  is,  however,  inadmissible  in  the  case 
of  measurement  of  high  frequency  currents.  The  ratio  in  which  the 
current  is  divided  between  the  shunt  and  working  wire  is  a  function 
of  the  frequency.  Accordingly  the  only  form  of  ammeter  which  is 
available  and  accurate  for  the  measurement  of  high  frequency  electric 
currents  is  the  hot-wire  ammeter,  in  which  the  whole  current  passes 
through  the  working  wire  of  the  instrument. 

Even  then  certain  other  precautions  are  necessary.  The  wire  used 
must  not  be  contained  in  a  metal  case  or  tube,  and  if  it  is  a  single 
wure,  should  not  be  thicker  than  0-25  mm.,  so  that  its  high  frequency 
resistance  is  identical  with  its  ordinary  or  steady  resistances.  Hence, 
if  the  working  wire  has  to  carry  a  current  of  several  amperes,  it  must 
be  made  up  of  a  sufficient  number  of  separated  or  insulated  fine 
copper  or  platinoid  wires  arranged  in  a  bundle  or  strand,  not  closely 
compressed,  but  open.  The  best  plan  is  to  use  thin  bare  wires  slightly 
separated  from  each  other.  This  stranded  wire  is  stretched  between 
two  fixed  points,  and  the  expansion  produced  by  the  high  frequency 
current  traversing  it  then  creates  a  sag,  which  is  measured  by  some 
indicating  needle. 

A  form  of  high  frequency  hot-wire  ammeter  devised  by  the  author 
is  made  as  follows : — 

On  a  vertical  hardwood  board  are  fixed  two  metal  pins,  A  and  B, 
between  which  are  stretched  with  equal  tightness  a  number  of  fine 
copper  or  platinoid  wires.  They  are  kept  taut  by  a  metal  loop 
drawn  back  by  a  spiral  spring,  0  (see  Fig.  10).    A  second  fine  wire  is 
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also  stretched  between  the  point  C  and  another  fixed  pin,  D,  and  to 
the  centre  of  this  last  wire  is  attached  a  third  wire,  EF,  the  upper  end 
of  which  is  fastened  to  the  short  arm  of  a  pivoted  index  needle.  When 
electric  oscillations  are  passed  through  the  wires  AB,  they  expand  and 
sag,  and  this  creates  a  still  greater  sag  in  the  wire  CD,  and  hence 
allows  the  short  end  of  the  index  needle  to  rise,  and  the  pointer  end 
to  move  down  over  a  scale.  By  passing  various  measured  continuous 
currents  through  the  wires  AB,  the  scale  of  this  instrument  can  be 
graduated  directly  to  read  amperes.  Hence,  if  any  high  frequency 
current  or  steady  groups  of  oscillations  are  passed  through  the 
parallel  wires,  the  needle  indicates  at  once  their  root-mean-square 
value.  By  suitably  selecting  the  length  and  number  of  the  working 
wires  of  the  instrument,  it  can  be  adapted  for  any  range  of  measure- 
ment.    For  the  measurement  of  very  small  high  frequency  currents, 


Fig.  10.— Hot-wire  Ammeter  for  High  Frequency  Currents.    (Fleming.) 

such  as  those  of  about  001  to  0-1  ampere,  the  author  has  devised 
another  form  of  single  wire  hot-wire  instrument,**  and  a  hot-wire 
voltmeter  on  the  same  principle  had  been  previously  but  inde- 
pendently described  by  Professor  Threlfall.** 

The  following  form  of  hot-wire  ammeter  can  be  so  made  as  to 
measure  currents  as  small  as  2  mUliamperes,  and  is  easily  calibrated 
at  the  time  of  using  it. 

The  ammeter  consists  of  a  wooden  box  (AB,  see  Fig.  11),  104  cms. 
in  length,  8  cms.  in  height,  and  6  cms.  in  width.  The  top  of  this  box 
opens  on  hinges,  and  in  the  centre  is  fixed  an  achromatic  convex  lens, 
I,  having  a  focal  length  of  10  cms.  The  front  of  the  box  is  cut 
down  to  form  a  window,  W,  which  is  glazed  with  a  sheet  of  thin 

*^  See  J.  A.  Fleming,  **  On  a  Hot-wire  Ammeter  for  the  Measurement  of  Very 
Small  Alternating  Currents,"  PhiL  Mag.,  May,  1904,  Ser.  6,  vol.  7,  p.  595;  or  Proc. 
Phys,  Soc,  Lond.,  1904,  vol.  19,  p.  173. 

*•  See  R.  Threlfall,  "  On  a  New  Form  of  Sensitive  Hot-wire  Voltmeter,"  Proc. 
Phys.  Soc.  Lond.,  1904,  vol.  19,  p.  58;  also  Phil  Mag.,  Ser.  6,  vol.  7,  p.  871, 1894. 
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transparent  mica  (see  Mg.  11).  In  the  box  is  fixed  a  square  rod  of 
well-seasoned  pine,  1  metre  in  length  and  2*5  cms.  in  width  and 
breadth.  To  each  end  of  this  rod  are  fixed  two  small  brass  uprights 
to  which  terminal  screws  are  attached,  and  also  small  spring  pieces 
of  brass,  pp,  which  are  pressed  in  by  screws  passing  through  the 
uprights. 

To  these  springs  at  each  end  of  the  rod  are  attached  fine  wires, 
either  of  pure  silver  or  of  some  high  resistance  alloy,  such  as  con- 
stantan,  platinoid,  etc.,  according  to  the  use  to  which  the  instrument 
is  to  be  placed. 

In  the  instrument  I  have  already  constructed,  these  wures  are  of 
platinoid,  the  length  of  the  wires  being  1  metre  and  the  diameter 
005  mm.  The  distance  apart  of  these  wires  is  about  5  mms.  The 
extremities  of  these  wires  are  soldered  to  the  two  spring  pieces  at  the 


Fig.  11. — Hot-wire  Milliammeter.    (Fleming.) 

ends  of  the  wooden  rod,  and  the  tension  of  these  wires  can  be  adjusted 
by  means  of  the  screws  passing  through  the  small  uprights  and 
pressing  against  the  spring  pieces. 

To  the  centre  of  the  wooden  rod  carrying  the  above-mentioned 
fine  wires  are  fastened  two  very  delicate  spiral  springs,  5,  which  have 
their  other  ends  looped  over  the  long  straight  wires.  These  spiral 
springs  are  made  of  extremely  fine  platinoid  wire,  and  they  serve  to 
keep  the  ammeter  wires  tight. 

If  one  of  the  wires  is  heated  by  passing  a  current  through  it,  it 
sags  down  sUghtly.  This  sag  is  indicated  in  the  following  manner : — 
The  two  wire  sare  embraced  by  an  exceedingly  small  loop  of  paper,  w, 
made  from  a  strip  of  paper  2  mm.  in  width  and  about  12  or  15  mm. 
in  length. 

To  this  loop  of  paper  is  attached  with  a  touch  of  shellac  a  fragment 
of  silvered  microscopic  glass  about  2  mm.  in  width  and  5  mm.  in 
length. 
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The  tension  of  one  of  the  wires  is  so  adjusted  that  when  no 
current  is  passing  through  either  of  them  one  wire  sags  more  than 
the  other,  and  this  little  loop  of  paper  and  its  attached  mirror  sets 
itself  at  an  angle  of  about  45  degrees  to  the  horizontal.  This  is  attained 
by  slightly  relaxing  the  tension  on  one  of  the  wires.  Upon  the  Ud  of 
the  containing  box  is  carried  an  incandescent  lamp,  having  a  straight 
or  horseshoe-shaped  filament,  and  in  front  of  the  box  is  placed  a 
vertical  strip  of  ground  glass,  S,  carried  in  a  brass  grooved  frame, 
which  can  be  adjusted  to  any  height  on  a  vertical  metal  rod.  The 
height  of  the  incandescent  lamp  is  so  adjusted  that  the  lens  forms  a 
clear  image  of  the  filament  or  of  one  leg  of  the  filament  upon  the 
ground  glass  in  the  form  of  a  horizontal  line  of  light.  With  a  good 
lens  this  image  can  be  made  very  sharp.  The  lens  actually  used  was 
the  objective  of  an  old  opera-glass.  A  hood  of  metal  or  asbestos  placed 
over  the  lamp  prevents  the  direct  rays  of  the  lamp  falling  on  the  ground- 
glass  screen.  The  screen  can  be  conveniently  placed  about  a  metre 
from  the  wire  box. 

If,  then,  a  small  current  is  passed  through  the  slacker  of  the  two 
measuring  wires,  its  sag  will  increase  and  the  small  mirror  attached 
to  the  two  wires  will  be  tilted,  and  the  image  of  the  filament  on  the 
ground  glass  will  move  down,  but  return  again  to  its  original  zero,  as 
soon  as  the  current  is  removed. 

As  a  preliminary  step,  both  the  wires  must  be  aged  by  sending 
intermittently  a  small  current  through  them  for  a  considerable  time, 
this  current  being  continually  interrupted. 

In  the  instrument  actually  made,  the  platinoid  wires  have  a  resist- 
ance of  about  168  ohms  each ;  hence,  if  an  electromotive  force  of  2 
volts  is  applied  to  the  ends  of  the  wires,  a  current  of  about  ^'4  of  an 
ampere  passes  through  them. 

The  instrument  is  calibrated  in  the  following  manner : — A  secondary 
cell  having  a  measured  electromotive  force,  say,  of  about  2  volts  is 
connected  in  series  with  one  of  the  working  wires  through  a  resistance 
box  of  the  usual  plug  pattern.  By  varying  this  resistance,  different 
currents  are  passed  through  the  wire,  and  the  position  of  the  spot  of 
light  on  the  screen  corresponding  to  the  different  currents  is  noted. 

If  the  wire  employed  is  of  platinoid  or  of  constantan,  its  resistance 
will  not  be  altered  appreciably  by  different  small  currents  passed 
through  it,  and  hence  the  resistance  of  the  wire  can  be  determined 
once  for  all,  with  a  suf&cient  degree  of  approximation  for  practical 
purposes,  by  means  of  a  potentiometer.  When  this  has  once  been 
done,  a  few  observations  taken  with  a  cell  of  known  electromotive 
force  and  a  plug  resistance  box  used  as  above,  enable  the  observer  to 
mark  off  on  the  ground-glass  strip  with  a  pencil  the  position  of  the 
line  of  light  for  various  known  currents  lying  within  a  certain  range. 
The  strip  of  ground  glass  may  then  be  removed  and  applied  to  a  sheet 
of  squared  paper,  and  a  curve  plotted  down  showing  the  deflections  in 
terms  of  the  actual  currents.  This  curve  proves  to  be  a  parabola  (see 
Fig.  12),  because,  if  we  plot  the  logarithms  of  the  deflections  and  the 
logarithms  of  the  currents,  we  have  a  straight  line  delineated,  making 
an  angle  with  the  horizontal,  the  tangent  of  which  is  equal  to  2.  If, 
then,  we  replace  the  ground-glass  screen  in  its  original  position  and 
pass  through  the  ammeter  wire  any  current,  continuous  or  alternating, 
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lying  within  the  range  of  the  graduation,  the  resulting  deflection 
of  the  line  of  light  on  the  screen  can  be  at  once  marked  off  on  the 
ground  glass,  and  from  the  curve  of  calibration  obtained  as  above 
described  the  ampere  value  of  this  current  becomes  at  once  known. 

In  the  instrument  actually  used  the  deflection  of  the  line  of  hght 
on  the  scale  placed  at  a  distance  of  about  80  cms.  from  the  mirror, 


Fig.  12. — Calibration  Curves  of  a  Hot-wire  Ammeter. 


produced  by  an  application  of  2  volts  to  the  wire,  is  about  3  cms.,  and 
4  volts  produce  about  12  cms.  deflection;  hence,  current  of  about 
,J(,  of  an  ampere,  or  10  milliamperes,  produces  a  deflection  which  can 
be  accurately  read  to  vdthin  2  or  3  per  cent.,  and  a  current  as  small 
as  5  milliamperes  thus  can  be  measured. 

The  particular  class  of  wire  with  which  the  instrument  should  be 
strung  depends  on  the  uses  to  which  it  is  to  be  put.     If  the  object  is 
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to  read  a  current  of  as  small  a  value  as  possible,  then  the  wire  must 
be  as  fine  as  possible,  and  made  of  a  material  of  high  specific  resistance, 
such  as  constantan. 

Messrs.  Hartmann  and  Braun,  of  Frankfurt,  have  recently  given 
attention  to  the  production  of  very  fine  wires  drawn  from  different 
pure  metals  and  alloys,  and  they  are  able  to  furnish  wires  of  pure 
metals  and  high-resistance  alloys  drawn  down  to  diameters  varying 
between  0*05  mm.  and  0'02  mm.  The  resistance  of  a  constantan 
wire  of  the  latter  size  per  metre  is  about  1350  ohms,  whilst  a  wire  of 
pure  silver  of  the  larger  size  has  a  resistance  of  only  8  ohms  per 
metre. 

The  sag  of  the  wire  used  in  the  above-described  instrument 
depends  essentially  upon  its  temperature,  and  its  temperature  depends 
upon  the  rate  at  which  energy  is  being  expended  in  it,  per  unit  of 
its  surface.  Accordingly,  for  the  measurement  of  the  smallest  cur- 
rents the  wires  must  be  of  high-resistance  material  and  as  small  as 
possible  in  diameter,  whilst  for  the  measurement  of  small  voltages  the 
wire  must  be  made  of  a  material  Uke  silver  with  high  conductivity. 

The  resistance  B  of  the  ammeter  wire  corresponding  to  different 
currents.  A,  through  it  can  be  determined  as  foUows :  The  ammeter 
wire  is  joined  in  series  with  a  plug  resistance,  B,,  and  also  with  a 
constant  resistance,  Eg,  which  may  be  either  20  or  40  ohms. 

The  ammeter  wire  is  also  shunted  by  a  divided  resistance,  B' 
(Fig.  13),  and  from  a  section  of  this  resistance  and  from  the  terminals 
of  the  resistance  Bg  wires  are  taken 

to  a  potentiometer.     A   battery  of      r 1|[||||- [|||[y|  ■  i 

100  volts  is  connected  up,  so  as  to  p  p  R 

send  a  small  current  through  the     \p      y      — ^?— M^ — VVVw 
ammeter  wire,  and  this  is  adjusted 
until  the  terminal  potential  differ- 
ence of  the  ends  of  the  ammeter 

wire  is  either  2,  4,  or  6  volts  as         ToPor<  ToPor* 

required.      Let   this   last    potential  ^iq  13 

difference  be  called  V,  and  the  P.D. 
down  the  resistance  Bj  be  called  Va-     Also  let  the  resistance  of  the 

ammeter  vnre  under  the  working  circumstances  be  B.     Then  ^  is  the 

V 
current  through  the   ammeter  wire,  and    ^,   the   current   through 

V      V  V         .      , 

the  divided  resistance,  and  the  sum  g  +  g/  is  ^^^^^^  *o  ^^  which  is 

measured.  Hence  B  can  be  determined  corresponding  to  various 
values  of  J 

For  measuring  even  smaller  high-frequency  currents,  Mr.  W. 
Duddell  ^^  has  devised  an  ingenious  instrument,  which  is,  in  fact,  an 
application  of  Boy's  microradiometer.  A  small  rectangular  circuit,  F 
(Fig.  14),  is  suspended  by  a  quartz  fibre,  S,  in  the  field  of  a  strong 
magnet,  M,  and  the  ends  of  this  coil  terminate  in  a  bismuth  antimony 

*'  See  Mr.  W.  Duddell,  "  On  Some  Instniments  for  the  Measurement  of  Large 
and  Small  Alternating  Currents,"  Proc.  Phys,  Soc.  Lond.,  1904,  vol.  19,  p.  288. 
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thermocouple,  T,  one  junotion  of  which  rests  over  and  just  clear  of 
a  thin  strip  of  metallic  foil  or  a  wire,  AB,  through  which  the  current 
to  be  measured  is  passed  (see  Fig.  13).  The  heat  generated  in  this 
strip  acts  by  convection  and  radiation  on  the  thermo  element,  and 
creates  in  the  associated  circuit  a  current  which  causes  it  to  be 
deflected  in  the  magnetic  field  in  which  it  is  suspended.  By  attach- 
ing a  mirror  to  this  movable  coil,  Mr.  Duddell  has  been  able  to 
measure  alternating  currents  having  a  root-mean-square  value  of  less 
than  yq^oo  ^^  *^  ampere.  This  instrument  has  proved  of  use  in 
measuring  the  oscillatory  currents  in  wireless  telegraph  antennsB. 

For  this  purpose  Mr.  Duddell  has  employed  thin  strips  of  gold 
leaf  as  the  heating  circuit  placed  under  the  thermopile,  and  through 
_  this  strip  the  electric  oscillations 

^ 7  pass  and  create  in  it  heat,  and 

enable  a  measurement  to  be  made 
of  their  root-mean-square  or  effec- 
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Fig.  14,- 


-Duddell  Mioroam- 
meter. 


Fig.  15.— Snow-Harris  or  Rieas  Hot- 
wire Ammeter. 


tive  value.  It  is  easy  to  detect  and  measure  the  effective  (E.M.S.) 
value  of  the  current  produced  by  a  Bell  telephone,  when  suitably 
spoken  into,  by  the  aid  of  this  Duddell  microammeter. 

Another  method  of  employing  a  wire  heated  by  electrical  oscilla- 
tions for  the  measurement  of  their  effective  or  root-mean-square  value 
has  been  much  used  in  Germany.  It  is  an  application  of  a  well- 
known  instrument,  usually  called  the  Kiess  electric  thermometer.  It 
was  originally  invented  by  Sir  W.  Snow  Harris  in  1827  (see  PhU, 
Traits,  Roy.  Soc.,  1827).  In  its  modem  form  it  consists  of  a  glass  bulb 
(B)  or  tube  (see  Fig.  15),  enclosing  a  fine  wire  (W)  or  stranded  bundle 
of  fine  wires,  with  suitable  electrodes.  To  the  bulb  is  connected  a 
U-tube  having  liquid  in  it,  and  also  a  lateral  tube  with  glass  stopcock 
is  attached  to  the  bulb  for  the  purpose  of  equalizing  the  air  pressure 
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within  and  without.  If  an  electric  current  is  passed  through  the 
wire  it  heats  it,  and  if  the  current  remains  constant  a  condition  is 
soon  reached  in  which  the  air  in  the  bulh  gains  as  much  heat  per 
second  from  the  wire  as  it  loses  by  radiation  and  convection.  Then 
the  pressure  of  the  air  in  the  bulb  becomes  steady,  and  is  higher  than 
that  of  the  external  air.  Accordingly,  the  manometer  liquid  rises  in 
one  limb  of  the  U-tube  and  falls  in  the  other.  A  scale  can  be  attached 
which  shows  the  position  of  the  liquid  when  various  currents  reckoned 
in  amperes  are  passed  through  the  wire.  Since  currents  with  equal 
RM.S.  value  produce  equal  heat  in  the  wire  in  the  sam^  time,  the 
instrument  becomes  a  means  for  measuring  the  B.M.S.  value  of  elec- 
tric oscillations  or  trains  of  oscillations.  This  instrument  has  to  be 
used  with  some  precautions  to  avoid  errors  due  to  expansion  of  the 
air  in  the  bulb  by  heat  other  than  that  created  in  the  wire,  and  is  not 
generally  so  much  to  be  trusted  as  a  hot-wire  ammeter  of  the  type 
just  described,  in  which  the  heating  effect  of  the  current  produces  a 
sag  in  a  wire  strained  between  two  fixed  points. 
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Fig.  16.  -Bolometer  Bridge. 

12.  The  Bolometer  Method  of  measuring  High  Frequency 
Currents. — A  third  method  of  using  a  heated  wire  as  an  ammeter  is 
the  Bolometer  method.  When  a  wire  is  traversed  by  electrical  oscil- 
lations and  is  thereby  heated,  its  resistance  increases.  This  increase 
in  resistance  can  be  measured  on  a  Wheatstone's  bridge.  By  a 
separate  experiment  we  can  find  the  value  of  the  steady  continuous 
current,  wMch  equally  heats  the  wire.  For  this  purpose  the  wire  to 
be  heated  by  the  oscillations,  called  the  Bolometer  wire,  must  consist 
of  a  very  fine  iron  or  platinum  wire,  or  bundle  of  fine  wires,  which 
must  be  arranged  in  a  lozenge  or  diamond  form  (see  Fig.  16).  It  is 
desirable  to  employ  two  equal  circuits  of  the  same  sized  wire.  Let 
a,  ft,  fi,  d  and  a\  b\  r!,  d!  be  these  two  circuits,  and  let  them  be  joined 
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with  two  other  resistances,  R  and  S,  and  with  a  battery  and  galvano- 
meter, G,  so  as  to  form  a  Wheatstone's  bridge.  To  two  opposite 
comers,  a,  c,  of  one  of  the  diamond-shaped  circuits  are  connected 
wires  which  lead  into  a  circuit,  in  which  oscillations  are  set  up. 
These  oscillations  pass  through  the  wires  a,  b,  c,  d,  and  heat  them, 
but  as  the  bridge  connections  are  made  to  points  at  equal  potentials, 
b  and  d,  there  is  no  tendency  for  the  oscillatory  currents  to  Btray  into 
the  bridge  circuits.  The  balance  of  the  bridge  can  thus  be  obtained 
both  when  the  oscillations  are  flowing  and  when  they  are  absent. 
The  same  circuit,  a,  b,  c,  rf,  can  then  be  heated  by  a  continuous 
current,  so  as  to  cause  an  equal  increase  in  resistance,  and  the 
measurement  of  this  equi-heating  continuous  current  gives  us  the 
R.M.S.  value  of  the  electric  oscillations. 

18.  Eleotro-dynamio  Current  Indicators  for  High  Frequency 
Currents.  Fleming  Alternating  Current  Galvanometer. — A  form 
of  alternating  current  galvanometer  devised  by  the  author  in  1884  has  of 
late  years  been  found  useful  for  the  comparative  measurement  of  high 
frequency  currents.  A  copper  or  silver  disc,  E  (see  Pig.  17),  is  suspended 
by  a  very  fine  wire  or  bifilar  suspension,  so  that  it  hangs  within  a  coil, 
C,  with  the  plane  of  the  disc  at  45°  to  the  plane  of  the  coil.  If  the  coil 
is  traversed  by  an  alternating  current,  this  creates  induced  currents  in 
the  disc,  and  it  tends  to  set  itself  in  a  position  with  its  plane  more 
nearly  parallel  with  the  magnetic  field  of  the  latter. 

The  theory  of  this  suspended  disc  dynamometer  has  been  given  by 
Professor  G.  W.  Pierce.*"  Let  us  assume  that  the  disc  is  a  ring  of 
resistance,  E,  and  inductance,  L,  and  held  in  the  centre  of  a  coil, of  N 
turns,  with  its  plane  at  an  angle  <^  with  that  of  the  coil.  Let  M  be  the 
mutual  inductance  between  the  cofl  and  ring.    Let  the  coil  be  traversed 

by  alternating  currents  of  frequency  w  =  — ,  and  let  to  and  i  be  the 

currents  in  the  riAg  -and  coil  respectively  at  any  time,  L    Then  the 

torque  F  acting  on  the  ring  is  F  =  v  jr  • 

The  current  in  the  coil  is  i  =  I  sin  pt,  and  the  E.M.F.  induced  in 
the  ring  is — 

For  small  deflections  ~j--  =  0,  and  we  have — 

^0  =  —  MIp  cos  pt 
The  equation  for  the  current  in  the  ring  is  therefore — 

L  Y  +  Eto  =  -  MI;>  cos  pt 

nlnce    i,=  -M^Keosj./-^) 

where  6  =  tan  *  -ff . 

XV 

*•  See  Prof.  G.  W.  Pierce,  "On  Resonance  in  Wireless  Telegraph  Circuits,*' 
^'hj/sical  Review,  April,  19C6,  vol.  xx.  p.  226. 
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^  _  —  MP^  sin  pt^s  {pt  —  6) 


151 


The  average  value  of  this  is — 


2(B;'+fU)'dil> 


Maxwell  has  given  an  expression  for  the  mutual  induction  of  two 
circles,  whose  planes  make  an  angle  <^  with  each  other.*  From  this 
expression  it  is  found  that  if  the  centres  of  the  circles  coincide,  and 

their  planes  make  an  angle  of  45°,  we  have  "o  •  t? j^  =    t%6^  '    Hence, 

if  there  are  N  turns  in  the  coil,  we  have  finally  as  the  expression  for 
the  average  torque  acting  on  the  ring — 

where  r  and  ;„  are  the  radii  of  the  circular  fixed  coQ  and  suspended 
ring  respectively,  and  D  is  the  distance  from  the  centre  of  the  ring  to 
the  perimeter  of  the  fixed  coil.  The 
least  value  D  can  have  is,  therefore,  r, 
which  happens  when  the  centres  of  ring 
and  coil  coincide. 

The  average  torque  on  the  ring,  and 
therefore  its  deflecting  moment,  is  pro- 
portional to  the  square  of  the  current  in 
the  coil  and  proportional  to  the  square 
of  the  frequency  for  the  same  instru- 
ment. If,  therefore,  the  frequency  is 
constant,  and  if  the  ring  is  suspended 
by  a  fine  wire  or  quartz  fibre  so  that  the 
restoring  torque  varies  as  the  deflection 
nearly,  the  deflection  will  measure  the 
mean-square  value  of  the  current  pass- 
ing through  the  coils.  Professor  G.  W. 
Pierce  has  confirmed  this  conclusion 
experimentally. 

With  certain  precautions,  therefore, 
the  instrument  may  be  used  to  measure 
the  mean-square  value  of  trains  of 
electric  oscillations. 

If  it  is  desired  to  construct  an  instrument  which  shall  act  merely 
as  an  indicator  of  alternating  current,  but  not  of  an  ammeter,  we  may 
suspend  within  a  coil  a  small  needle  of  soft  iron  by  a  quartz  fibre  or 
bifilar  suspension.  The  iron  needle  should  be  placed  with  its  axis  at 
45°  to  the  plane  of  the  coil.     When  alternating  currents  or  oscillations 

*•  See  Maxwell's  "  Electricity  and  Magnetism,"  vol.  ii.  p.  306. 


Fig.  17.— Eleotrodynamic  Am- 
meter for  Alternating  Cur- 
rents.   (Fleming.) 
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ara  passed  through  the  coU,  the  needle  wiU  deflect,  and  its  deflections 
may  be  rendered  evident  by  attaching  to  it  a  small  mirror  as  usual. 

If  high  frequency  oscillations  are  to  be  detected,  the  needle  must 
not  be  a  thick  solid  piece  of  iron,  but  must  be  a  small  bundle  of 
extremely  fine  iron  wires,  each  one  of  which  is  insulated  from  the  rest 
by  shellac  varnish. 

H.  High  Frequency  Potential  HeasiiFementB.— We  are  con- 
cerned m  making  two  distinct  potential  measurements  in  connection 
with  high  frequency  currents.  First,  we  may  require  the  maximum 
value  of  the  potential  difference  of  two  pomts  on  a  circuit  when  it  is 
traversed  by  electric  oscillations  ;  or,  second,  we  may  wish  to  know  the 
root-mean-square  value  of  the  oscillation  between  the  same  points. 
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Fig.  18.— Spark  Voltages  for  Various  Spark  Lengths  and  Spark  Balls  of 
Various  Diameters,  d  cms. 


The  measurement  of  the  maximum  potential  is  best  made  by  observa- 
tions on  the  length  of  spark  which  such  potential  difference  will  create 
between  metallic  balls  of  equal  and  known  diameter.  We  have 
already  given  tables  of  the  dielectric  strength  of  air  for  various  spark 
lengths  and  spark-ball  sizes.  We  may  for  most  practical  purposes 
determine  the  maximum  value  of  the  potential  difference  between  two 
places  which  exceeds  4000  volts  or  so  by  attaching  to  these  points  the 
terminals  of  a  spark-ball  discharger,  the  distance  between  the  balls 
being  measurable  by  a  screw  with  divided  head.  These  balls  should 
be  clean  brass  balls  of  1  or  2  cms.  in  diameter,  so  that  we  may  avail 
ourselves  of  the  numerous  observations  which  have  been  made  on  the 
sparking  potential  for  various  distances  between  such  surfaces.  The 
curves  in  Fig.  18  are  plotted  from  the  figures  of  observations  taken  by 
A.  Heydweiller  (see  JVwf.  Ann.,  1893,  vol.  48,  p.  235),  and  give  by 
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inspection  the  voltage  between  spark  balls  varying  in  diameter  from 
0'5  cm.  up  to  5  cms.  or  2  inches. 

It  will  be  seen  that  the  smaller  the  ball  the  more  has  the  curve  a 
tendency  to  bend  over  so  as  to  become  parallel  to  the  axis  of  spark 
length.  Hence  there  is  an  advantage  in  the  use  of  large  spark  balls 
for  obtaining  high  charging  potentials  for  condensers,  since  the  spark 
voltage  for  a  given  spark  length  increases  within  a  certain  limit  with 
the  diameter  of  the  balls. 

The  following  table  gives  the  results  of  Heydweiller's  observations 
on  spark  voltages  between  balls  of  various  diameters  and  for  spark 
lengths  between  1  and  16  mm.,  which  are  graphically  depicted  in 
Fig.  18:— 


Table  BHOwnra  thb  Mbasubbment  of  Spabk  Voltages  fob  Vabioub  Lengths 
OF  Spabk  taken  between  Spabk  Balls  of  Vabious  Diametbb  at  Nobmal 
Atmosphebic  Pbessube  and  Tempbbatube  by  Heydweilleb. 


V  =  spark 

voltage. 

d  —  spark-ball  diameter  in  oentimetres. 

I  =  spark  length  in 

millimetres. 

d  =  60  cms. 

d  =  20cm8. 

d  = 

LO  cm. 

cl  = 

0-6  cm. 

I  in  mUIi- 
metres. 

V  In  Tolu. 

I  in  milli. 
metres,     i 

V  in  Tolta. 

I  in  milli- 
metres. 

t)ln  volts.  ' 

'                   1 

I  in  milU- 
metres. 

V  in  volts 

5 

18,860 

1 

4,710 

1 

,      4,800 

1 

4,830 

6 

21,600 

2 

8,100 

2 

8,870 

2 

8,370 

7 

24,540 

8 

11,370 

8 

11,370 

3 

11,340 

8 

27,380 

4 

14,490 

4 

14,650 

4 

13,770 

9 

80,090 

5     ; 

17,490 

5 

17,310 

5 

15,720 

10 

82,860 

6        1 

20,870 

6 

19,920 

6 

17,190 

11 

86,680 

7 

28,260 

7 

22,060 

7 

18,300 

12 

88,810 

8        ! 

26,040 

8 

24,090 

8 

19,020 

18 

41,010 

10 

81,290 

9 

26,590 

10 

20,190 

14 

48,680 

!       12        1 

35,490 

10 

27,000 

15 

22,320 

16 

46,230 

14 

38,640 

16 

48,660 

,       16 

41,280 

1 

_ 

The  table  below  gives  the  spark  voltages  for  various  spark  lengths 
taken  between  balls  2  cms.  in  diameter.  The  figures  up  to  1-6  cms. 
are  taken  from  HeydweiUer's  observations,  and  those  beyond  from 
observations  by  J.  Algermissen  and  given  on  the  authority  of  Dr.  J. 
Zenneck  (see  "  Elektromagnetische  Schwingungen  und  Drahtlose 
Telegraphic,"  by  Dr.  J.  Zenneck,  Stuttgart,  1905). 
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Table  bhowinq  thb  Spabe  Voltage  between  Bbabs  Balls,  2  oms.  in 
Diameter,  fob  Va-Bious  Sfabk  Lengths. 


Spark  length  in 

Spark  voltage. 

Spark  leogth  in 
oentimetrea. 

Spark  voltage. 

0-1 

4,700 

2-7 

64,900 

0-2 

8,100 

2-8 

66,800 

0-3 

11,400 

2-9 

66,700 

0-4 

14,600 

8-0 

67,600 

0-5 

17,600 

8-1 

68,800 

0-6 

20,400 

8-2 

69,000 

0-7 

28,260 

8-8 

69,700 

0-8 

26,100 

8-4 

60,400 

0-9 

28,800 

8-6 

61,100 

10 

81,800 

8-6 

61,800 

11 

88,800 

8-7 

62,400 

1-2 

86,600 

8-8 

68,000 

1-8 

87,200 

8-9 

68,600 

1-4 

88,700 

40 

64,200 

1-6 

40,800 

41 

64,800 

1-6 

41,800 

4-2 

66,400 

1-7 

48,200 

4-8 

66,000 

1-8 

44,700 

4-4 

66,600 

1-9 

46,100 

4-6 

67,200 

2-0 

47,400 

4-6 

67,800 

21 

48,600 

4-7 

68,800 

2*2 

49,800 

4-8 

68,800 

2-8 

61,000 

4-9 

69,800 

2-4 

52,000 

60 

69,800 

2-6 

68,000 

6-1 

70,800 

2-6 

64,000 

82 

.y 

28 

jf. 

^ 

21 

^ 

^ 

--i==- 

90 

X 

^^ 

;2_ 

,^ 

jf 

j^ 

16 

^ 

^ 

12 

X 

^ 

8 

y 

0 

/ 

0128466789 
Spark  Length  in  Millimetres. 

Pig.  19.— Curves  showing  Spark  Voltages  in  Kilovolts  for  Various  Spark 
Lengths  in  Millimetres.    (Bailie  and  Paschen.) 
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These  tables  provide  the  means  for  obtaining  the  spark  voltage 
from  the  measurement  of  the  spark  length  between  metallic  balls 
2  cms.  in  diameter,  but  must  not  be  applied  in  the  case  of  balls  much 
larger  or  smaller. 

Bailie  and  Paschen  have  also  made  experiments  on  the  spark 
voltage  for  different  lengths  of  spark  between  metal  balls  of  various 
diameters  in  air  at  atmospheric  pressure  and  temperature,*  and  have 
shown  that  the  spark  potential  varies  considerably  with  the  size  of  the 
balls,  and  some  of  their  results  are  given  in  the  table  below,  and 
graphically  in  Fig.  19.  Prom  Heydweiller's  observations,  as  well  as 
those  of  Bailie  and  Paschen,  it  will  be  seen  that  up  to  a  spark  length 
of  4  mm.  the  variation  in  the  diameter  of  spark  balls  between  0'6  cm. 
and  6  cms.  makes  but  little  variation  in  the  spark  potential,  but 
beyond  this  length  the  spark  volteige  for  a  given  spark  length  rises 
very  rapidly. 

Table  sHOwma  the  Meabubehent  of  Spabk  Voltage  fob  Vabious  Spark 
LiRNaTHS  AND  Spabk-ball  Diametebs  in  Aib  at  Nobmal  Pbbssub;e,  by 
Baille  and  Paschen. 


1 

Spark  voltage  for  balls  of  diameter. 

Spark  length  la 

1 

centimetres. 

1 

1 

1           6  cms. 

3  cms. 
4,600 

icm.            1 

oecm. 

01          1 

4,434 

4,676         1 

4,660 

0-2            1 

1           7.680 

7,800 

8,040 

8,060 

0-8 

10,840 

1          10,980 

11,200         ! 

11,200 

0-4            1 

1         18,900 

14,030 

14,290 

18,902 

0-6 

'         16,600 

16,600 

16,400 

16,976 

0-6            ! 

!         19,670 

19,670 

19,670         ; 

17,900 

0-7 

22,620 

22,140 

21,680 

19,266 

0-8          ; 

26,400 

26,480 

23,280 

20,826 

0-9 

29,280 

28,890 

24,000 

21,180 

10 

83,900 

81,410 

24,900         1 

21,714 

It  is  clear  on  comparing  all  the  results  given  for  spark  voltage 
that  there  are  very  sensible  differences  between  the  results  given  by 
various  observers  for  the  spark  voltage  for  given  lengths  of  spark  even 
between  balls  of  the  same  diameter. 

As  the  voltage  required  to  produce  a  spark  of  given  length  in  air  at 
ordinary  pressure  between  metal  balls  is  an  important  number,  we 
shall  collect  here  the  results  for  sparks  between  1  and  6  mms.  in 
length  as  given  by  various  observers. 

MM.  Bichat  and  Blondlot  have  measured  spg-rk  voltages  for 
various  lengths  of  sparks  in  air  at  normal  pressure  taken  between 
metal  balls  1  cm.  in  diameter. 

The  observations  made  by  R.  Gray  on  dielectric  strength  of  air 
(loc.  cit.)  between  metal  surfaces,  which  were  parts  of  spheres  70  cms. 
in  diameter,  have  been  reduced  to  spark  voltages  for  the  stated  spark 
lengths.  Also  those  by  T.  W.  Edmondson  {loc.  cit.)  between  balls 
3  cms.  in  diameter,  and  observations  made  in  the  Physical  Laboratory 

*•  See  Bailie,  AntuUea  de  Chemie  et  de  Physique  (5),  1882,  vol.  25,  p.  486. 
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of  University  College,  London,  with  spark  balls  2*6  cms.  in  diameter. 
These  spark  voltages  for  various  spark  lengths  from  1  to  6  mms.  are 
set  out  below,  and  the  mean  of  all  the  results  is  given  in  the  last 
column. 


spark  voltage  accordiag  to  obeervAthms  of^ 


Spark  length 

Id  air. 

Bichatand 

BlondM. 

1  mm. 

4,765 

2    ., 

8,140 

8    „ 

11,807 

4    » 

14,119 

6    ,, 

16,664 

6    „ 

19,210 

T.  Gray. 


4,860 
7,660 
10,680 
18,800 
16,800 
19,620 


T.  W.  Edmond-       University 
MO.  I       College 


4,069 
7,812 
11,400 
16,000 
18,680 
22,290 


5,151 
8,181 
11,800 
14,861 
17,421 
20,481 


Mean  reenltB. 


4,586 
7,924 
11,210 
14,820 
17,880 
20,400 


Heydweiller  Qoc.  dL)  gives  a  table  of  collected  results  of  spark 
voltages  for  different  spark  lengths  between  balls  0-6  cm.  in  diameter. 
He  quotes  from  the  following  memoirs : — 

Gzermak,  W%en,  Ber.  (2),  1888,  vol.  97,  p.  807. 

Preyberg,  Wied,  Ann,y  1889,  vol.  88,  p.  250. 

Pasohen,  Wied,  Ann.,  1889,  vol.  37,  p.  69. 

Bailie,  Ann,  Chim.  et  Phys,  (5),  1882,  vol.  25,  p.  486. 

Bichftt  and  Blondlot,  J<mr.  de  Phys,  (2),  1886,  vol.  5,  p.  457. 

Obermayer,  Wien  Ber.  (2),  1889,  vol.  100,  p.  184. 

Quincke,  Wied.  Ann.,  1888,  vol.  19,  p.  645. 

For  additional  information  we  must  refer  the  reader  to  these 
papers,  also  to  an  important  paper  by  Mr.  A.  Bussell  ^'On  the 
Dielectric  Strength  of  Air  "  (Proc.  Phys.  Soc.  Lond.,  November,  1905), 
to  which  reference  has  already  been  made. 

The  results  of  observations  by  various  observers  who  have 
measured  the  spark  voltage  required  to  produce  a  spark  in  air  at 
normal  pressure  1  mm.  in  length  are  also  given  below : — 


Sparic  voltage  to  prodaoe 
1  mm.  spark  in  air  at 
Obaerver.  normal  preeanre, 

Lord  Kelvin 4000  volts 

Masoart 5490 

De  la  Bue  and  H.  Miller  ....    4880 

Bichat  and  Blondlot 4765 

T.Gray 4860 

T.  W.  Edmondson        4069 

Obeervations  at  University  College, 
London 5151 


Spark  sarfaooa. 

Slightlv  ourved  metal  plates. 

Metal  balls,  22  mm.  diameter. 

Metal  discs. 

Metal  balls,  10  mm.  diameter. 
„        „      70  cms.        „ 
»»        >»      "      It  fi 


2-6 


Mean  value  =  4597,  say  4600  volts. 


Hence  we  are  not  far  wrong  in  accepting  4600  volts  as  the 
approximate  value  of  the  electromotive  force  required  to  produce  a 
spark  1  mm.  in  length  between  metal  balls  about  1  inch  in  diameter 
in  air  at  normal  pressure  and  temperature. 

It  should  be  noted,  however,  that  as  the  balls  get  hot  by  sparks 
passing,  the  spark  voltage  for  a  given  length  decreases.     Hence  the 
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above  figures  apply  only  to  cool  balls.  Moreover,  ultra  violet  light  fall- 
ing on  the  balls  will  greatly  decrease  the  spark  voltage  for  a  given  length 
therefore  in  all  such  measurements  the  spark  micrometer  balls  must 
be  carefully  protected  from  the  light  of  other  sparks  or  electric  arcs. 

The  above  figures  enable  us  to  tell  approximately  the  potential  to 
which  a  condenser  such  as  a  Leyden  jar  is  charged  when  it  yields 
a  spark  discharge  of  any  length  between  0  and  5  cms. 

The  second  kind  of  potential  measurement  which  has  to  be  made 
is  that  of  the  root-mean-square  or  effective  value.  This  is  accom- 
plished by  means  of  an  electrostatic  voltmeter  in  which  the  ''  needle  " 
is  connected  to  one  pair  or  set  of  quadrants.  Since  the  attraction 
between  the  fixed  and  movable  parts  varies  as  the  square  of  their 
potential  difference,  the  deflection  of  an  electrostatic  voltmeter  con- 
nected as  above  mentioned  measures  the  root-mean-square  (B.M.S.) 
value  of  the  potential  difference  of  its  own  quadrants. 

Hence  if  we  have  an  oscillatory  circuit  containing  a  spark  gap, 
and  apply  to  the  terminals  of  the  condenser  or  to  the  spark  balls 
an  electrostatic  voltmeter,  we  can  find  from  the  spark  length  the 
maximum  voltage  Y,  and  from  the  voltmeter  reading  the  mean-square- 
voltage,  and  if  we  measure  also  the  capacity  and  inductance  in  the 
circuit,  we  have  at  once  the  means  of  calculating  the  frequency  n,  and 
therefore  the  logarithmic  decrement  of  the  oscillations,  as  we  shall 
show  in  the  next  chapter  (see  Chap.  III.). 

15.  Heasarement  of  Spark  Freqaency.— Another  measurement 
frequently  required  is  that  of  spark  frequency.  If  an  induction  coil 
or  transformer  is  connected  to  a  pair  of  spark  balls  which  are  short 
circuited  by  an  inductance  and  condenser  in  series  with  one  another, 
then  oscillatory  sparks  pass  between  the  balls  when  the  potential 
reaches  a  value  corresponding  to  the  spark  length.  It  is  impossible 
to  calculate  the  power  being  given  to  the  condenser  circuit  unless  we 
know  how  many  of  these  trains  of  oscillations,  that  is,  how  many 
oscillatory  sparks  take  place  per  second.  It  is  not  possible  to  count 
these  sparks,  because  they  may  come  at  the  rate  of  even  50  or  100 
per  second.  Neither  can  we  assume  that  the  number  of  sparks  is 
equal  to  the  number  of  interruptions  of  the  primary  circuit  of  the 
induction  coil  or  the  number  of  alternations  of  the  alternating  circuit 
if  a  transformer  is  being  employed.  The  number  of  sparks  per  second 
may  be  less  or  more  according  to  circumstances.  Thus,  for  instance, 
if  an  alternating  current  is  being  employed  having  a  frequency  of  50, 
it  will  depend  upon  the  inductance  and  the  capacity  in  the  oscillating 
circuit,  and  upon  the  inductance  inserted  between  the  secondary 
circuit  of  the  transformer  and  the  spark  balls,  whether  we  have  a 
number  of  sparks  per  second  greater  than,  equal  to,  or  less  than  the 
number  of  alternations  per  second  with  the  alternating  current  supply- 
ing the  transformer.  The  author  has  therefore  devised  the  following 
appliances  for  measuring  spark  frequency. 

A  small  electric  motor,  M,  has  on  its  shaft  a  flanged  pulley,  P,  just 
wide  enough  to  take  a  strip  of  the  ordinary  telegraphic  paper  tape 
(see  Fig.  20).  A  strip  of  this  paper  unrolled  from  a  drum  or  coil,  G, 
lies  loosely  over  the  pulley  of  the  motor,  and  when  the  motor  revolves 
the  paper  does  not  move  because  the  friction  between  it  and  the 
pulley  is  too  small.     A  small  jockey  pulley,  J,  however,  rests  upon 
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the  paper  tape,  this  pulley  being  weighted,  but  held  up  by  an  electro- 
magnet, El  (see  Fig.  20).  When  this  jockey  pulley  is  allowed  to 
exert  its  pressure,  upon  the  paper  tape  it  causes  it  to  grip  against  the 
motor  pulley,  and  to  travel  at  a  rate  depending  upon  the  speed  of  the 
motor.  This  paper  tape  is  caused  to  pass  between  two  small  spark 
balls,  Si,  which  may  be  either  inserted  in  the  oscillatory  circuit  or  may 
be  connected  to  a  coil  of  a  few  turns  which  is  placed  near  it.  Under 
these  conditions,  when  oscillations  are  excited  sparks  pass  between 
these  spark  balls,  Si,  the  number  being  equal  to  the  number  of  trains 
of  oscillations  per  second  in  the  main  circuit.  Each  small  spark 
pierces  the  paper  tape,  or  may  be  made  to  make  a  mark  upon  it  if 
the  paper  tape  has  previously  been  saturated  with  ferricyanide  of 
potassium.  In  order  to  determine  the  number  of  sparks  per  second, 
a  convenient  arrangement  is  to  employ  a  seconds  pendulum  with 
heavy  bob,  B,  which  closes  an  electric  circuit  during  its  passage 
through  the  lowest  point  by  striking  against  a  trigger,  /,  and  then 
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Fia.  20.— Spark  Counter.    (Fleming.) 

opens  it  again  during  the  reverse  swing.  If  the  pendulum  is  held 
up  by  an  electro- magnet,  E^,  it  can  be  released  by  raising  the  key  Wi 
and  allowed  to  take  one  swing,  and  then  be  held  up  again,  by  again 
closing  the  key  Wi,  and  thus  made  to  close  the  main  transformer 
circuit  for  one  second,  and  then  open  it  again  through  the  operation 
of  another  electro-magnet,  E3,  actuated  by  the  trigger  t  and  operating 
the  main  switch  Wj.  The  opening  of  the  circuit  of  the  magnet  Ei  by 
raising  the  key  Wi  does  two  things,  first,  it  starts  the  sparking  in  the 
main  oscillatory  circuit  by  closing  the  primary  circuit  switch  W3  of 
the  induction  coil  or  transformer  for  exactly  one  second,  and  also  it 
causes  the  jockey  pulley  J  to  press  the  paper  tape  against  the  pulley 
M  of  the  motor  at  the  same  instant,  and  therefore  to  travel  for  one 
second  at  a  uniform  speed.  In  this  way  we  were  able  to  impress  the 
paper  tape  with  a  number  of  perforations  or  marks,  each  one  of 
which  corresponds  to  a  single  oscillatory  spark  or  group  of  oscillations 
in  the  condenser  circuit,  the  whole  number  of  marks  or  holes  being 
those  which  take  place  during  one  second.     The  simple  process. 


HIGH  FREQUENCY  ELECTRIC  MEASUREMENTS       159 

therefore,  of  counting  these  holes  or  marks  enables  us  to  tell  how 
many  oscillatory  sparks  have  taken  place  in  one  second. 

By  experiments  with  this  apparatus  the  authpr  has  found  that 
when  a  transformer  is  exciting  an  oscillatory  spark,  the  said  trans- 
former haying  very  high  inductance,  or  else  having  inductance  in- 
serted between  it  and  the  spark  balls,  that  there  may  be  a  number  of 
discharges  during  one  single  alternation  of  the  primary  alternating 
current.  The  reason  for  this  is  as  follows:  If  the  spark  distance 
is  small,  then  as  the  potential  gradually  rises  a  point  is  reached  at 
which  a  discharge  happens;  but  the  moment  this  takes  place  the 
great  inductance  in  the  transformer  circuit  causes  the  voltage  to  drop, 
and  if  it  drops  below  the  value  corresponding  to  the  spark  length, 
the  spark  ceases.  Then  the  potential  rises  again  and  the  process  is 
repeated,  and  this  may  happen  five  or  six  times  during  the  time  of  a 
single  alternation.  Hence  it  is  quite  erroneous  to  conclude  that  the 
number  of  sparks  must  necessarily  be  that  of  the  number  of  alterna- 
tions. On  the  other  hand,  if  the  spark  length  is  very  large,  several 
alternations  of  the  alternating  current  may  take  place  before  the 
potential  difference  of  the  balls  is  worked  up  by  the  resonance  to  the 
point  at  which  a  spark  can  pass  across ;  hence,  then,  the  number  of 
sparks  per  second  may  be  considerably  less  than  the  number  of  alter- 
nations of  the  alternating  current. 

The  author  has  found  this  instrument,  which  he  calls  a  spark 
counter,  particularly  useful  in  researches  connected  with  wireless 
telegraphy. 
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CHAPTEE  III 
DAMPING  AND  BESONANCE 

1.  The  Logarithmio  Deorement  of  Eleotrio  Oscillations  and  the 
Damping. — We  have  seen  that  when  electric  oscillations  are  excited 
in  a  circuit  having  resistance,  inductance,  and  capacity,  by  permitting 
a  sudden  discharge  to  take  place  across  a  spark  gap  in  it,  we  have 
produced  in  the  circuit  high  frequency  alternating  currents  which 
continually  decay  in  amplitude,  thus  constituting  a  train  of  damped 
oscUlatums. 

This  decay  may  arise  from  several  causes,  acting  singly  or 
together,  but  is  essentially  dependent  upon  some  action  which  dissi- 
pates the  initial  energy  imparted  to  the  condenser. 

We  shall  consider  first  the  simplest  case. 

Let  the  circuit  be  a  closed  inductive  circuit  of  constant  resistance, 
the  capacity  in  it  consisting  of  a  condenser,  the  plates  of  which  are 
very  near  together.  Also  let  the  capacity  and  inductance  have  such 
values  that  the  periodic  time  of  a  free  oscillation  in  the  circuit  is  large, 
compared  with  the  time  taken  by  an  electric  impulse  to  travel  round 
the  circuit.  Since  this  velocity  is  the  same  as  the  velocity  of  Ught, 
the  above  condition  is  fulfilled  when  the  length  of  the  circuit  does  not 
exceed  a  few  metres,  and  the  natiural  periodic  time  is  something  of 
the  order  of  a  milhonth  of  a  second.  Under  the  above  circumstances 
the  method  of  investigation  applied  in  Chap.  I.,  §  6,  to  the  dis- 
charge of  a  condenser  is  valid.  This  is  the  case  for  most  oscillatory 
circuits  likely  to  be  employed  in  practice.  Then  let  G  be  the  capacity 
in  the  circuit,  L  the  inductance,  and  B,'  the  resistance  for  high  frequency 
currents  of  the  frequency  employed. 

The  inductance  and  capacity  can  be  measured  or  calculated,  and 
the  frequency  is  then  very  approximately  determined  by  the  ex- 
pression— 

''^l.VCL ^^^ 

In  this  equation  G  and  L  must  both  be  measured  in  consistent 
units — that  is,  in  farads  and  henrys,  or  both  in  electro-magnetic  units. 
If  G  is  measured  in  microfarads  and  L  in  centimetres,  then,  as  already 
shown — 

It  is  convenient  to  measure  G  and  L  in  these  last-named  units  in 
practice. 

M 
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The  quantity  VCL  is  then  called  the  oscillation  constant  of  the 
circuit,  and  varies  inversely  as  the  frequency,  for — 

,_      5  X  10« 
VCL  =  -^ 

Thus,  if  the  oscillation  constant  has  a  value,  say,  10,  this  means 
that  the  product  of  the  numbers  representing  the  capacity  reckoned 
in  microfarads  and  the  inductance  in  centimetres  is  100. 

If  we  denote  the  current  in  the  circuit  at  any  instant  by  i,  then 
it  has  been  shown  in  Chap.  I.,  §  2,  that  we  may  express  i  as  a 
function  of  the  time  by  the  equation — 

i  =  Ic-«^sin^^ (3) 

where  a  stands  for  oT"  aiid  I  is  some  constant. 
If  in  this  equation  we  put  successively — 

T  ST      .55: 

we  obtain  the  values  of  the  successive  maximum  currents  in  opposite 
direction,  viz. — 

aT  SoT  6a  r 

Ii  =  l€~  * ,      I2  =  Ic~  *  ,      13  =  Ic"  *  ,  etc. 
If  we  take  the  ratios  of  these  successive  maxima,  we  have — 

!>  =  I?  =  ^•,  etc.  =  e°^ (4) 

J-J  J-S  ^4 

T  "Rf 

The  quantity  a  is  called  the  damping  factor ,  and  "o"  "^  o^  ~  ZjT. 

is  denoted  by  8,  and  is  called  the  logarithmic  decrement  of  the  osdilations 
pel'  half  period.     Accordingly — 

I'  =  I?=I«.etc.  =  €» 

-*^2  -^3  -^4 


or    8  =  log*  f-  =  loge  f ,  etc (5) 


The  damping  factor  a  is  a  quantity  the  diifmnsions  of  which  are 
those  of  the  reciprocal  of  a  timej  whilst  the  logarithmic  decrement  is 
a  mere  numeric. 

The  logarithmic  decrement  is  here  defined  to  be  the  Napierian 
logarithm  of  the  ratio  of  two  successive  maximum  currents  or  oscilla- 
tions in  opposite  directions.  Most  German  physicists,  following  the 
example  of  Bjerknes,  define  the  decrement  to  be  the  logarithm  of  the 
ratio  of  two  successive  maximum  oscillations  in  the  same  direction ; 
that  is,  separated  by  an  interval  of  one  period,  instead  of  one  half- 
period.    In  interpreting  formulae  in  which  a  symbol  for  the  decrement 
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occurs,  it  is  necessary  to  notice  whether  the  writer  takes  the  decre- 
ment to  be  defined  as  the  natural  logarithm  of  two  successive  oscilla- 
tions in  the  same  or  in  opposite  directions,  since  the  decrement  in  the 
former  case  is  double  that  in  the  latter. 

The  quantity  c"'  is  called  the  damping ol  the  oscillations,  and  is  the 
ratio  of  one  maximum  to  the  one  preceding  it  in  the  opposite  direction. 

If  the  circuit  contains  no  spark  gap,  and  is  a  nearly  closed  or  non- 
radiative  circuit,  the  logarithmic  decrement  is  a  constant  determined 
by  the  capacity,  inductance,  and  resistance  of  the  circuit. 

The  successive  maximimi  values  of  the  currents,  or  potential 
differences  of  any  two  points,  decrease  in  accordance  with  an  ex- 
ponential law,  and  the  logarithmic  decrement  can  be  calculated  at 
once,  when  we  know  the  inductance,  resistance,  and  capacity  in  the 
circuit. 

For  since  8  =  j^,  and  since  n  =  ^^^        we  have  the  value  of 

the  logarithmic  decrement  for  the  closed  non-radiative  circuit  given 
by  the  expression — 

»-i«'7E («) 

The  value  of  the  high  frequency  resistance  E'  can  be  calculated 
from  the  ordinary  or  ohmic  resistance  by  Lord  Eayleigh's  formula 
(see  Chap.  II.,  §  1,  equation  4,  p.  88)  when  we  know  the  frequency, 
provided  the  wire  is  approximately  straight  or  bent  into  a  curve  of 
large  radius. 

If  the  circuit  consists  of  a  soUd,  round-sectioned  copper  wire  of 
diameter  d,  formed  into  an  inductance  coil  of  one  single  turn,  the 
diameter  of  the  turn  being  large  compared  with  that  of  the  wire,  then 
the  high  frequency  resistance  B'  is  connected  with  the  ordinary 
resistance  B  by  the  formula — 

The  above  formula  cannot,  however,  be  applied  to  wires  wound  in 
close  spirals  for  the  reason  explained  in  Chapter  II.  (see  p.  91). 
Hence,  under  the  assumed  conditions,  we  have,  for  the  closed  non- 
radiative  circuit — 


S^7r^V2C^B 
320Li 


(7) 


The  above  expression  (7),  however,  for  the  logarithmic  decrement 
is  only  applicable  if  the  capacity  is  of  such  a  character  that  there  is  no 
dissipation  of  energy  in  any  way  in  it,  by  dielectric  hysteresis  or  brush 
discharge,  and  the  only  source  of  loss  is  the  true  constant  or  ohmic 
resistance  denoted  by  B.  This  is  very  approximately  true  for  con- 
densers made  with  English  flint-glass  plates  and  immersed  in  oil. 

The  cases,  however,  in  which  we  can  apply  the  above  expression 
are  not  numerous,  since  most  nearly  closed  oscillatory  circuits  for 
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which  we  wish  to  know  the  decrement  contain  a  spark  gap,  the 
resistance  of  which  is  not  constant,  or  else  are  wound  in  spirals,  and 
in  addition  we  have  in  the  case  of  all  open  circuits  a  loss  of  energy 
due  to  electro-magnetic  radiation,  producing  a  damping  of  the  oscilla- 
tions far  exceeding  that  due  to  true  resistance  alone. 

Furthermore,  it  must  be  noticed  that  when  two  circuits  are  coupled 
together  inductively  the  establishment  of  an  electric  oscillation  in  one 
circuit  creates  an  induced  oscillation  in  the  other.  Hence,  even  if  the 
secondary  circuit  is  a  closed  non-radiative  circuit  without  spark  gap, 
its  logarithmic  decrement  is  increased  by  the  mere  fact  of  the  proximity 
of  the  primary  circuit,  on  which  the  secondary  circuit  exercises  a 
reciprocal  inductive  action. 

2.  The  Hean-squaFe  and  Root-mean-sqaare  Value  of  a  Train 
of  Oscillations. — Let  i  denote  the  current  in  a  circuit  at  any  time,  /, 
after  the  commencement  of  a  train  of  oscillations  in  it  having  a 
frequency  n.  Let  8  stand  for  the  logarithmic  decrement  per  semi- 
period.  Then,  assuming  that  there  is  no  other  cause  for  dissipation 
of  energy  in  the  circuit  other  than  resistance,  the  current  can  be 
expressed  as  a  function  of  the  time  in  the  form — 

t^I^^lh-^mnpt (8) 

In  this  expression  /i  stands  for  the  first  maximum  value  of  the 

T 
oscillations  which  occurs  at  a  time  ^  =  "t  reckoned  from  initial  zero. 

If  we  square  equation  (8)  we  obtain — 

i^  =  lU^e"^"^  sin^  pt (9) 

which  gives  us  an  expression  for  the  square  of  the  instantaneous 
value  of  the  current.  Suppose  that  an  electric  oscillation  is  passed 
through  a  very  thin  wire  or  electrolytic  conductor,  of  which  the  high 
frequency  resistance  is  the  same  as  its  steady  or  ohmic  resistance,  B, 
then  the  rate  at  which  heat  is  generated  at  any  instant  is  given  by  the 
expression — 

-RP  :=  mleh"^^  Qirr' pt (9a) 

We  cannot  easily  measure  the  instantaneous  rate  of  evolution  of  heat, 
but  if  we  allow  a  series  of  trains  of  oscillations  at  the  rate  of  N  per 
second  to  pass  through  the  conductor,  there  will  be  a  certain  steady 
rate  of  production  of  heat,  which  is  measured  by  the  mean  value  of 
the  quantity  Ee^  taken  at  numerous  equidistant  intervals  during  the 
second. 

It  is  important,  therefore,  to  determine  an  expression  for  the  mean 
value  of  the  square  of  the  currents  forming  a  train  of  electri<^ 
oscillations. 

The  mean  value  of  the  square  of  the  currents  taken  at  equidistant 
intervals  of  time  during  an  oscillation  is  called  the  mean-sqiiare  tnlue  of 
the  current  (M.S.  value). 

The  mean-sqiiare  (M.S.)  value  of  the  oscillations  when  multiplied  by 
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the  effective  resistance  of  the  circuit  gives  us  the  average  rate  of  pro- 
duction of  heat  in  the  circuit  or  the  dissipation  of  energy  in  it. 

If  there  are  N  of  these  trains  of  oscillations  per  second,  then,  since 
each  oscillation  is  completed  in  a  small  fraction  of  a  second,  we  can 
say  that  the  mean  value  of  the  square  of  i  during  one  second  of  time 
is  given  by  the  integral — 

/»       (1) 

Hence,  to  obtain  this  mean-square  current  we  have  to  find  the 
value  of  the  integral — 

or  of    j\-^dt  - /Jic"^"*  cos  2pt .  dt 

A  reference  to  any  treatise  on  the  integral  calculus  will  show 
that— 

f€'^^COS7;^.rf^  =  6nx('^^Q«^"^  +  ^^^^^^') 

Hence  we  have — 

U-^  cos  2pt .  dt  =  €-2««  (  2psm2p<-2aco8  2;,<  \ 

If,  therefore,  we  denote  by  J  the  root-mean-square  valm '  (E.M.S. 
value)  of  the  N  groups  of  oscillations  per  second,  so  that  J  is  defined 
by  the  integral — 

J  =  ^N  r^a  fit 
and  if  i  denotes  the  current  at  any  time,  t,  such  that — 

we  have — 

J2  =  N/i2c*rc-2«<sin2^,^ ,^10) 

Substituting  in  (10)  the  proper  value  of  the  definite  integral  as 
given  above,  we  have — 


^  By  Gennan  writers  the  mean-square  value  of  the  current,  or  the  value  of  the 
integral  J',  is  generally  called  the  integral  value  of  the  oscillations  or  of  the 
oscillation  train. 

*  The  expression  root-meaTi-square  value  (B.M.S.  value)  is  an  abbreviation  for 
the  long  expression,  "  the  value  of  the  square  root  of  the  mean  of  the  squares  of 
the  currents  or  electromotive  forces  taken  at  numerous  equidistant  intervals  of 
time  throughout  a  single  period,  or  of  the  time  of  a  train  of  oscillations.'* 
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now  p  =  2jrm  and  o  =  2n8,  hence — 

p'  1 

and    J^  =  ^.^— 

g 

In  all  practical  cases  -  is  a  quantity  not  greater  than  O'l,  and 

often  as  small  as  0-01.     Hence,  in  those  cases  in  which  —„  is  small 

compared  with  unity,  we  can  say  that  the  mean-square  value  of  the 
oscillations  having  N  trains  per  second  is  given  by — 


J2  = 


4a 


If  the  oscillations  are  not  strongly  damped,  which  is  the  case  for 
a  nearly  closed  oscillatory  circuit  when  the  high  frequency  resistance 
E'  is  small  compared  with  4wL  for  that  circuit,  then  the  quantity  c*  is 
nearly  unity,  and  the  value  of  the  mean-square  current  J^  for  N  trains 
of  oscillations  per  second  is — 


^  -"ST 
Hence    J  =  \/^  •  ^i C^^) 


The  root-mean-square  current  J  is  therefore  proportional  to  the 
first  maximum  value  of  the  oscillations,  and  to  a  factor  which  depends 
upon  the  number  of  trains  of  oscillations  per  second  and  the  damping 
factor  of  each  train. 

It  has  been  already  shown  (see  Chap.  I.,  §  5,  equation  17)  that 
if  a  condenser  of  capacity  C  is  charged  to  a  potential  V,  and  then  dis- 
charged through  an  inductive  circuit,  the  current  i  at  any  time,  /, 
reckoned  from  the  instant  when  the  discharge  commences,  is  given  by 
the  expression — 

i  =  CpY€'^  sin pt (12) 

Comparing  together  equations  (10)  and  (12),  we  see  that — 

C;,V  =  l/^ (13) 

Hence,  substituting  in  equation  (11),  we  have — 


DAMPING   AND  RESONANCE  167 

If  the  capacity  C  and  inductance  L  are  measured  in  absolute  measure, 
then  1?^  =  ^,  and  therefore — 


from  which  we  have — 

4JVL 


(15) 


If  the  above  equation  (15)  is  compared  with  (6),  it  will  be  seen  that 
they  differ  only  in  that  the  quantity  B'  in  the  latter  is  replaced  by 

the  quantity  ofr  ^  tbe  former.  The  energy  stored  in  the  con- 
denser at  each  charge  is  measured  by  JCV*,  and  if  there  are  N  dis- 
charges per  second,  which  all  expend  themselves  in  heating  the 
circuit,  having  high  frequency  resistance  B',  the  B.M.S.  value  of  the 
current  being  J,  we  must  obviously  have  the  equation  B'J^  =  ^NCV. 
Hence  (15)  can  be  deduced  from  (6)  merely  by  the  apphcation  of  the 
principle  of  conservation  of  energy. 

3.  Determination  of  the  Number  of  Osoillations  by  the  aid 
of  the  Decrement. — A  knowledge  of  the  value  of  the  logarithmic 
decrement  of  the  oscillations  taking  place  in  any  circuit  enables  us  to 
calculate  the  number  of  oscillations  of  current  or  potential  which  take 
place  before  their  maximum  value  is  reduced  in  any  assigned  ratio  and 
the  oscillations  practically  extinguished.  If  we  consider  the  decre- 
ment to  be  constant,  and  /i  to  denote  the  first  maximum  oscillation 
and  Im  the  with,  then — 


(16) 


Hence    log*  ^  =  (w  -  1)8    .     .     .     .     (17) 

and  from  this  last  equation  (17)  we  can  determine  m  when  we  have 
selected  any  desired  ratio  for  —" .  Thus,  let  us  suppose  that  the  oscil- 
lations  are  to  be  considered  as  extinguished  for  all  practical  purposes 
when  -f-  s=  100,  that  is,  when  the  last  is  only  1  per  cent,  of  the  first. 

We  have  then — 

4-605 -f  8  .._^ 

w=--g — (18) 

Thus  if  8  =  0015  we  have  m  =  305. 

This  gives  us  the  number  of  semi-oscillations  which  elapse  before  the 
maximum  value  of  the  oscillation  is  reduced  to  1  per  cent,  of  its 
initial  or  first  maximum  value.  In  this  case,  therefore,  150  complete 
oscUlaiums  would  constitute  the  wave  train  for  all  practical  purposes. 

On  the  other  hand,  if  8  =  04  we  find  that  m  =  12*5,  and  not  more 
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than  half  a  dozen  complete  oscillations  would  then  take  place  before 
the  oscillation  train  had  subsided. 

In  any  case,  therefore,  where  we  have  the  means  of  counting 
the  actual  number  of  oscillations  which  take  place,  we  can  assign  an 
approximate  value  to  the  logarithmic  decrement.  Conversely,  if  we 
find  such  a  value  as  0*3  or  04  for  the  decrement,  we  know  that  it 
means  that  the  oscillations  are  extinguished  after  about  half  a  dozen 
periods ;  whereas  if  the  decrement  is  as  low  as  0-02  or  0-01,  we  infer 
that  some  hxmdreds  of  complete  oscillations  constitute  a  tiuin.  In 
some  circuits  as  many  as  1000  complete  oscillations  may  take  place  in 
a  single  group,  and  in  others  hardly  more  than  two  or  three,  if  an 
impulsive  electromotive  force  is  applied  and  the  circuit  then  left  to 
itself. 

4.  Praotioal  Detennination  of  the  Logarithmio  Decrement  of 
Electric  OscillatioiiB. — It  will  be  seen  from  the  previous  sections 
that  the  practical  determination  of  the  logarithmic  decrement  for  any 
oscillatory  circuit  and  for  certain  types  of  circuit  is  an  important 
matter,  since  the  physical  effects  which  arise  in  many  cases  depend 
in  large  degree  upon  the  duration  of  the  train  of  oscillations  or 
number  of  complete  oscillations  in  a  group  or  wave  train. 

The  majority  of  oscillating  circuits  for  which  we  desire  to  pre- 
determine the  logarithmic  decrements,  have  a  spark  gap  in  them. 

It  has  been  shown  by  Dr.  J.  Zenneck '  that  when  an  oscillating 
circuit  contains  a  spark  gap  the  simple  exponential  law  of  decay  no 
longer  holds  good,  and  the  logarithm  of  the  ratio  of  successive  maxima 
is  no  longer  constant.  The  decadence  of  the  maxima  is  then  approxi- 
mately represented  by  a  straight  line  and  not  by  a  logarithmic  curve. 
This  is  equivalent  to  a  continual  increase  in  the  logarithmic  decrement 
as  the  oscillations  decrease.  Hence  if  we  assign  such  a  value  of  the 
logarithmic  decrement  as  to  fit  the  slope  of  the  straight  Hue  at  each 
point,  this  value  increases  with  time  as  the  amplitude  dies  away. 
This  arises  from  the  fact  that  the  resistance  of  the  spark  increases  as 
the  amphtude  of  the  oscillations  decays. 

Each  successive  oscillation  is  a  little  smaller  than  it  would  be  if 
they  diminished  strictly  according  to  a  logarithmic  law.  Accordingly 
we  can  no  longer  predetermine  the  logarithmic  decrement  by  calcula- 
tion, but  must  arrive  at  it  by  experiment. 

Experimentalists  have,  however,  generally  assumed  that  the 
decrement  is  constant,  and  that  the  decay  of  oscillations  follows  an 
exponential  law. 

The  important  matter  is  to  determine  the  mean  value  of  the 
decrement.  Generally  speaking,  the  greater  part  of  the  whole  resist- 
ance of  such  oscillatory  circuits  as  are  used  in  wireless  telegraphy  is 
located  in  the  spark  gap,  and  a  somewhat  erroneous  assumption  is 
made  if  the  resistance  of  the  spark  is  taken  as  constant  throughout 
the  duration  of  a  train  of  oscillations. 

If,  however,  as  a  first  approximation,  we  agree  to  take  the  spark 
resistance  as  constant,  then  several  methods  present  themselves  by 
means  of  which  we  may  determine  experimentally  the  logarithmic 
decrement  for  non-radiative  circuits  containing  a  spark  gap. 

»  See  J.  Zenneck,  Ann,  dcr  Physik,  March,  1904,  vol.  13,  p.  822 ;  or  Science 
AbstractSy  July,  1904,  vol.  7,  A. 
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1st.  We  may  find  the  ratio  between  two  successive  maximiun 
currents  or  oscillations  in  opposite  directions.  This  will  give  us  the 
value  of  c^,  from  which  8  can  be  determined. 

2nd.  We  may  find  the  ratio  between  the  square  of  the  first 
maximum  potential  difference  or  current  and  the  mean  of  the  squares 
of  all  the  potential  differences  or  currents  during  a  train.  This,  as 
shown  below,  will  give  us  the  value  of  8718. 

3rd.  We  may  find  the  resistance  of  the  spark  independently  of  the 
rest  of  the  circuit,  and  then  if  L  is  the  high  frequency  inductance,  and 
B'  is  the  high  frequency  resistance  of  the  metallic  part  of  the  circuit, 
and  r  the  resistance  of  the  spark,  we  may  determine  the  value  of  8 
corresponding  to  r  from  the  equation — 

S'tSt' (») 

where  n  is  the  corresponding  frequency  of  the  oscillations. 

The  first-named  method  of  determining  the  logarithmic  decrement 
was  suggested  by  Professor  E.  Butherford  in  an  important  paper.^ 
The  process  of  measurement  is  as  follows :  Consider  two  similar  coils 
of  wire,  A  and  B,  placed  in  series  in  a  discharge  circuit.  Let  these 
coils  be  wound  in  opposite  directions.  Let  two  similar  steel  needles 
magnetized  to  saturation  be  placed  in  the  coils  A  and  B,  their  north 
poles  facing  in  the  same  direction.  If  then  a  train  of  electric  oscilla- 
tions is  created  in  these  coils  by  discharging  a  condenser  through 
them,  it  will  be  found  that  the  reduction  of  magnetic  moment  of  the 
needles  is  not  the  same  in  both  cases.  Let  /i,  /s,  /g,  etc.,  be  the 
maximum  oscillations  of  the  discharge  in  the  one  direction,  and  /g,  /,, 
/e,  etc.,  be  the  maximum  oscillations  in  the  opposite  direction.  Then 
suppose  that  the  half -oscillation  /^  is  in  such  a  direction  as  to  increase 
the  magnetization  of  the  needle  in  the  solenoid  A,  the  needle  in  the  coil 
A,  being  already  saturated,  will  have  no  magnetic  effect  produced  upon 
it  by  this  first  oscillation.  The  second  oscillation  /a  in  the  opposite 
direction,  however,  demagnetizes  the  surface  skin,  and  the  third 
oscillation  /,  tends  to  remove  the  effect  of  the  second,  and  so  forth. 

In  the  solenoid  B,  the  first  half-oscillation  I^  is  in  such  a  direction 
that  it  demagnetizes  the  needle,  and  the  second  /j  tends  to  re- 
magnetize  it  in  its  original  direction,  and  so  on. 

Since  the  maximum  value  of  the  first  oscillation  7i  is  greater  than  that 
of  the  second  oscillation  /„  and  the  third  greater  than  the  fourth,  and 
so  on,  the  needle  in  the  coil  B  will  be  more  demagnetized  than  that  in 
A.  If,  however,  we  increase  the  number  of  turns  per  centimetre  on 
the  coil  A,  until  the  magnetic  effects  on  the^  two  needles  are  exactly 
the  same,  then  assuming  that  the  values  of  the  currents  decrease  in 
geometrical  progression,  the  maximum  value  of  the  magnetic  force  due 
to  the  oscillation  I^  acting  on  the  needle  in  the  coil  is  equal  to  the 
maximum  value  due  to  the  oscillation  /j  on  the  needle  in  coil  B. 
Since  the  sum  of  a  geometrical  progression  is  proportional  to  its  first 
term  and  to  a  function  of  its  common  ratio,  it  follows  that  the  sum  of 
/,  —  /,  4-  ^  —  ^4  +  etc.  is  to  the  sum  of  /j  —  /,  +  /<  —  /^  +  etc.  in 

*  See  Professor  E.  Rutherford,  <*  On  a  Magnetic  Detector  of  Electric  Waves 
and  some  of  its  Applications,"  Phil.  Trans.  Boy,  Soc.  Lond.,  A.,  1897,  vol.  189,  p.  1. 
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the  ratio  of  I^  to  /g,  and  hence  the  resultant  effect  of  the  entire  train 
of  oscillations  in  demagnetizing  the  steel  needles  is  in  each  case 
proportional  to  the  magnitude  of  the  first  effective  demagnetizing 
oscillation.  The  statements  ahove  made  follow,  therefore,  as  a  con- 
sequence of  this  fact. 

Let  Ni  and  Nj  be  the  number  of  turns  per  centimetre  of  length 
which  must  be  put  on  the  two  coils  A  and  B  respectively  to  make 
their  demagnetizing  effects  equal. 


Then    4irNi/i  =  4irNj/a 
Therefore 


/i     N, 


Hence  we  have  by  definition — 


8  =  iog4.  =  iog4; 


and  the  logarithmic  decrement  is  determined  from  the  logarithm  of 
the  ratio  of  the  turns  per  centimetre  of  length  of  the  two  coils.     The 

damping  C*  is  then  equal  to  the  ratio  =^\ 


Fig.  1. — Rutherford's  Method  of  measuring  the  Decrement  of  Electric 
Oscillations. 

Instead  of  employing  two  separate  solenoids  or  coils,  a  more 
convenient  plan  was  adopted  by  Professor  Eutherford.  A  narrow 
piece  of  sheet  zinc,  ABC  (see  Fig.  1),  was  bent  into  an  almost  com- 
plete circle,  7  cms.  in  diameter.  This  was  fixed  upon  a  block  of 
ebonite.  At  the  centre  of  the  circle  a  thin  glass  tube,  OM,  was  placed, 
which  serves  as  the  axis  of  a  metal  arm,  LM,  which  pressed  against 
the  circumference  of  a  circle  and  could  be  moved  round  it.  The 
magnet  consisted  of  about  30  very  fine  steel  wires  0003  inch  in 
diameter,  made  into  a  compound  magnet  1  cm.  long.  The  wires 
were  insulated  from  each  other  by  shellac  varnish,  and  the  small 
needle  was  fixed  inside  a  thin  glass  tube  which  could  be  easily  slipped 
in  and  out  of  the  central  glass  tube,  OM.  Round  the  circumference  of 
the  zinc  circuit  was  placed  a  divided  scale,  and  the  whole  arrangement 
was  placed  in  position  before  a  small  mirror  magnetometer.  The 
magnetized  needle  was  then  magnetized  to  saturation  and  placed  in 
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position  in  the  centre  of  the  circular  strip,  and  its  action  on  the 
magnetometer  was  compensated  hy  another  magnet.  An  oscillatory 
discharge  in  the  right  direction  was  then  passed  round  the  circular 
circuit  and  a  deflection  of  the  magnetometer  was  ohserved,  due  to 
the  partial  demagnetization  of  the  detector  needle.  The  detector 
needle  was  then  removed  and  magnetized  again  to  saturation. 

Since  the  magnetic  field  H  at  the  centre  of  a  circle  due  to  an  arc 
of  length  /  is  given  by  the  expression — 

H  =  LI 


where  a  is  the  radius  of  the  circle  and  I  the  current  in  it,  we  see  that 
the  magnetic  force  acting  on  the  magnetic  needle  is  proportional  to 
the  length  of  the  arc  traversed  by  the  discharge. 

A  series  of  observations  showed  that  the  deflection  of  the  magneto- 
meter was  approximately  proportional  to  the  magnetic  force  acting 
on  the  needle,  provided  the  magnetic  force  was  well  below  the  value 
required  to  completely  demagnetize  the  steel.  To  determine  the 
damping  of  the  oscillations,  a  discharge  was  passed  in  such  a  direction 
as  to  pi^y  demagnetize  the  needle  and  the  deflection  of  the  magneto- 
meter noted.  The  magnetic  detector  was  then  removed,  magnetized 
to  saturation  and  replaced  and  a  discharge  passed  in  the  opposite 
direction,  and  by  various  trial  experiments  the  length  of  the  effective 
arc  of  the  circular  circuit  through  which  the  discharge  passed  was 
adjusted  in  each  case  imtil  the  deflection  was  the  same.  When  this 
was  the  case  the  ratio  of  the  lengths  of  these  arcs  was  proportional 
to  the  maximum  values  of  the  first  and  second  oscillations.  The 
damping  c'is  then  equal  to  the  ratio  of  the  lengths  of  the  arcs  of 
the  circular  circuit  employed  in  the  two  experiments. 

In  this  way  the  rate  of  decay  of  oscillations  in  many  circuits  was 
examined  when  the  circuit  conUined  a  very  short  spark  gap  and  the 
discharge  circuit  consisted  of  copper  wires.  It  was  found  that  the 
damping  in  this  case  was  hardly  appreciable.  If,  on  the  other  hand, 
the  copper  wires  were  replaced  by  iron  wires,  then  the  damping  rose 
to  a  large  value  and  it  also  increased  as  the  length  of  the  spark  gap 
increased,  although  not  in  the  same  proportion.  The  reason  for  this 
increase  in  the  damping  when  iron  wire  is  used  is  the  absorption  of 
energy  due  to  the  magnetic  hysteresis.  The  oscillatory  current  is 
practically  confined  to  the  surface  of  the  conductor,  but  it  does 
penetrate  sufficiently  into  the  iron  to  effect  a  certain  degree  of 
magnetization,  and  involves,  therefore,  some  amount  of  hysteretic 
energy  loss.  If  the  iron  wire  is  electroplated  with  copper  or  is 
galvanized,  then  it  is  found  that,  as  regards  damping,  the  wire  becomes 
practically  identical  with  a  solid  copper  or  solid  zinc  wire.  The 
following  table  of  observations  by  Professor  Rutherford  Qik.  rif.)  gives 
the  results  of  experiments  made  with  spark  gaps  of  various  lengths 
in  a  copper- wire  circuit,  and  shows  the  corresponding  damping  €"' 
and  the  total  resistance  E  of  the  spark  gap  and  circuit  calculated 
from  the  formula — 

R  =  4nLS. 
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EXPBBIMBNTS  ON  THE  DaMPTNQ  OF  ElSCTBIC  OSCIUiATIONS. 

Discharge  circuit  rectangular  and  made  of  copper  wire,  184  cms.  by  90  cms. ; 
inductance  of  circuit,  L  =  7400  cms. ;  capacity,  G  =  2000  electrostatic  units ; 
frequency  =  1'25  million  per  second. 


The  damping,  or  ratio  of 
Length  of  spark  gap  in  !    two  A^  oBdlUUons.    j  xotal  reeietanoe  of  spark 

!  gap  and  circuit  in  ohms. 


millimetres. 


.-.4. 


0-6 

0-98 

1-2 

0-97 

11 

2-4 

0-98 

2-6 

8-7 

0-90 

3-7 

4-9 

0-79 

8-4 

61 

0-70 

12-4 

BesisUnce  of  spark  in 


0-7 
2-2 
8*8 
80 
120 


In  these  experiments  the  calculated  high  frequency  resistance  of 
the  wires  of  the  discharged  circuit  was  0*4  ohm,  so  that  the  excess 
over  above  this  value  is  the  resistance  of  the  spark. 

Professor  Eutherford  found,  as  others  have  done,  that  the  damping 
of  the  oscillations  increased  very  rapidly  with  the  length  of  the  spark. 
It  was  also  found  that  the  damping  depended  on  the  capacity  of  the 
condenser  used  when  the  inductance  and  spark  length  were  kept 
constant.  For  instance,  with  a  spark  gap  having  a  length  of 
3'2  mms.,  and  with  different  capacities,  as  in  the  table  below,  he 
found  that  the  damping  decreased  with  the  increase  of  the  capacity. 
It  may  be  noted  that  to  reduce  capacity  measured  in  electrostatic 
units  to  the  equivalent  in  microfarads  it  is  requisite  to  divide  by 
9x  10*. 


Capadty  in  electrostatic     I 
units.  I 


Damping. 


Spark  rsaistspoe  in  ohms. 


1000 
2000 
4000 


0-94 
0-90 
0-81 


2*2 
2-6 
S'8 


Similar  experiments  have  also  been  made  by  the  above-named 
method  by  Miss  H.  Brooks.*  In  this  case  the  circuit  in  which  the 
oscillations  were  set  up  consisted  of  a  copper  wire  rectangle,  the 
wire  having  a  diameter  of  0*7  mm.  and  the  sides  of  the  rectangle 
lengths  of  145  and  125  cms.  respectively.  Hence  the  high  frequency 
inductance  was  about  10*  cms.  The  condenser  used  in  the  first 
experiments  was  a  Leyden  jar  having  a  capacity  of  000277  mfd. 
In  other  experiments  another  jar  of  less  capacity  was  employed. 
The  frequency  of  the  oscillations  was  therefore  close  to  10*.  The 
quantity  4wL  had  a  value  4  x  lO^**  C.G.S.  units  nearly,  or  40  ohms, 
and  the  logarithmic  decrement  S,  assumed  constant,  was  therefore 

^  See  Miss  H.  Brooks,  on  "  The  Damping  of  OBciUatioos  in  the  Disohiirge  of 
a  Leyden  Jar,"  Phil  Mag.y  vol.  2,  ser.  6,  p.  92. 
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equal  to  one-fortieth  part  of  the  total  resistance  of  the  spark  and  circuit 

reckoned  in  ohms,  since  8  =     .   r    - 

The  values  of  C*  and  resulting  values  of  S  for  various  spark 
lengths,  found,  as  above  described,  by  Professor  Eutherford's  method, 
are  given  in  the  table  below. 

Capacity  of  Condenses  =  0-00277  mfd. 


Spark  length. 

Damping. 

a 

€-«• 

9. 

1  mm. 

0-905 

i 
1 

0-100 

8    „ 

0-880 

0128 

6    „ 

0-885 

1 

0-122 

7    „ 

0-865 

1 

0145 

9      n 

O860 

1 

0152 

11      » 

0-845 

0-168 

18    „ 

0845 

! 

0168 

Capacity 

I  OF  CONDBNSEB  = 

=  0000805  m/a 

Spark  length. 
S. 

Damping. 

S. 

a  mm. 

0-876 

0-188 

8    ,. 

0-840 

0-175 

6    „ 

0-765 

0-269 

7    ., 

0-680 

1-387 

9    „ 

0-590 

0529 

11    ., 

0-515 

0-668 

The  above  numerical  values  of  the  damping  c~  '  plot  out  into  straight 
lines  when  the  corresponding  values  of  the  spark  length  S  are  taken 
as  absciss®. 

The  earliest  definite  measurements  of  the  logarithmic  decrement 
of  electric  oscillations  by  the  second  method  above  mentioned  were 
made  by  Y.  Bjerknes.  It  depends  upon  a  comparison  between  the 
maximum  value  of  the  potential  difference  of  the  spark  balls  in  an 
oscillating  circuit  and  the  root-mean-square  value  of  the  potential  as 
measured  by  an  idiostatic  electrometer.'  If  an  electrometer  of  the 
Kelvin  type  is  constructed,  having  a  suspended  paddle-shaped  "  needle  " 
and  a  pair  of  quadrants  placed  on  opposite  sides  and  against  opposite 
ends  of  the  "  needle,"  we  have  an  instrument  which  is  sensitive  to 
high  frequency  alternating  potentials,  and  measures  their  root-mean- 
square  value.  If,  then,  the  two  quadrants  are  connected  to  the  ends 
of  a  circuit  in  which  oscillations  are  taking  place,  the  quadrants  are 
alternately  positively  and  negatively  charged;  but  as  the  induced 
charges  on  the  needle  change  places  with  the  change  of  charge  on 

•  See  V.  Bjerknes,  " Ueber  die  Dampfung  schneller  Electrischer  Schwingungen," 
Wied.  Annalen  der  Physik,  1891,  vol.  44,  p.  74. 
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the  quadrants,  the  needle  deflects  constantly  in  the  same  direction. 
This  deflection,  if  small,  is  proportional  to  the  square  root  of  the  mean 
of  the  squares  of  the  potential  difference  of  the  quadrants. 

Since  the  train  of  oscillations  always  lasts  far  less  than  one 
second,  we  may  say  that  this  root-mean-square  value  of  the  potential 

/oo 
0 

where  v  is  the  instantaneous  potential  difference. 

We  have  seen  (Chap.  I.,  §  6)  that  when  a  condenser  is  dis- 
charged across  a  spark  gap  through  a  low  resistance,  the  potential 
difference  v  of  the  plates  at  any  time,  /,  can  be  expressed  by  an 
equation  of  the  form — 

t;  =  VoC-«*cos;?/ (20) 

where  Vq  is  the  initial  potential  difference  of  the  plates. 
From  the  above  equation  we  have — 

/%V^  =  Vo^rc-2a<^;oga^^^Vo^^U2  /21) 

Jo  Jo  4a 

Hence  U  is  the  root-mean-square  value  of  the  potential  difference 
of  the  condenser  plates.     But  a  =  2nS,  therefore — 

Sn'V' ^^^) 

and  8  becomes  known  from  the  values  of  V^,  U,  and  n. 

Since  we  cannot  obtain  a  steady  deflection  of  the  electrometer  by 
one  single*  spark  or  train  of  oscillations,  it  is  necessary  to  permit  a 
series  of  discharges  at  a  uniform  rate  of  N  per  second  to  take  place, 
and  the  value  of  S  is  then  given  by  the  expression — 

871    I3« ^  ^ 

The  value  of  Vo  can  be  obtained  from  the  spark  length  by  the  aid 
of  the  tables  of  spark  potentials  already  given  (see  Chap.  II.,  §  14), 
for  the  value  of  the  potential  difference  of  the  plates  of  the  condenser 
when  the  discharge  begins  is  equal  to  the  spark  potential.  The  value 
of  U  is  obtained  by  connecting  the  calibrated  electrometer  across  the 
terminals  of  the  condenser.  The  number  of  sparks  per  second,  and 
also  the  frequency  of  the  oscillations,  must  be  obtained,  the  latter 
being  calculated  from  the  inductance  and  capacity  in  the  circuit.  In 
this  manner, we  arrive  at  the  value  of  the  logarithmic  decrement  of 
the  oscillations. 

Some  of  Bjerknes'  observations  were  made  with  an  open  oscillatory 
circuit  of  ihe  Hertzian  t}^,  and  for  such  an  oscillator  he  found  that 
the  decrement  per  half -period  depended  on  the  length  of  the  spark 
gap,  but  had  values  varying  from  0*13  to  0*20,  as  the  spark  length 
increased  from  1  to  6  mms.  The  damping  in  this  case  does  not 
arise  simply  from  resistance,  but  is  mainly  due  to  the  radiation  of 
energy  in  the  form  of  electric  waves,  and  this   matter  is  further 
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considered  in  §  8  of  this  chapter,  and  also  in  Chapter  V.  Whilst  for 
an  open  or  radiative  circuit  of  the  Hertzian  type  the  decrement  per 
half-period  may  amount  to  0*2  or  over,  for  a  nearly  closed  circuit, 
such  as  a  Hertzian  resonator,  Bjerknes  found  that  the  decrement 
might  be  as  low  as  0001. 

5.  Determination  of  the  Mean  Logarithmic  Decrement  in 
Osoillatory  Cirouits.  Drude's  ResearcneB. — A  very  extensive  re- 
search has  been  conducted  by  Professor  P.  Drude  on  the  influence  of 
spark  length  and  other  factors  on  the  logarithmic  decrement  of  con- 
denser circuits  containing  a  spark  gap.  These  results  have  a  very 
practical  bearing  upon  wireless  telegraphy.^ 

The  method  he  adopted  was  one  which  in  principle  originated 
with  V.  Bjerknes.  If  a  primary  oscillatory  circuit  containing  a  spark 
gap  and  condenser  has  oscillations  set  up  in  it,  and  if  this  circuit 
acts  upon  a  closed  secondary  circuit  containing  a  condenser  but  no 
spark  gap,  we  have  induced  oscillations  set  up  in  this  latter  circuit. 
If  the  secondary  circuit  has  such  a  form  that  its  iil&uctance  can 
either  be  calculate^  or  measured,  and  if  the  capacity  in  it  is  also 
known,  as  already  shown,  we  can  calculate  its  natural  time  period 
and  deduce  its  high  frequency  resistance,  and  therefore  logarithmic 
decrement,  provided  that  the  condenser  in  this  secondary  circuit  is  of 
such  form  that  no  energy  is  dissipated  by  radiation  or  in  any  other 
way  except  by  resistance.  If  we  insert  in  this  cbcuit  a  thin  wire  at 
some  point,  we  can,  by  means  of  a  thermo-element  or  other  means, 
determine  the  integral  or  mean-square  value  of  the  secondary  current 
during  a  unit  of  time. 

If  this  secondary  circuit  has  such  a  form  that  we  can  vary  its 
inductance,  and  therefore  natural  time  period,  we  can  find  the  corre- 
sponding values  of  the  integral  or  mean-square  value  of  the  secondary 
current.  For  some  particular  inductance  of  the  circuit  this  integral 
value  of  the  secondary  current  will  have  a  maximum  value. 

When  this  takes  place  the  secondary  circuit  is  said  to  be  in 
resonance  with  the  primary  circuit  (see  §  9  of  this  chapter).  Y.  Bjerknes 
and  P.  Drude  *  have  shown  that  we  can  then  determine  the  sum  of 
the  logarithmic  decrements  of  the  primary  and  secondary  circuits 
from  the  observed  values  of  the  maximum  integral  current,  and  of 
any  other  value  of  the  integral  current  not  differing  greatly  from  this 
critical  one,  when  we  know  also  the  percentage  deviation  of  the  time 
period  of  the  secondary  circuit  in  the  last  case  from  that  which  sets 
up  resonance. 

Let  ta  denote  the  secondary  current  at  any  instant,  and  J'  the 
integral  current,  so  that — 

ja=  Hi^^dt 
J  o 

Also  let  Tj  denote  the  periodic  time  of  the  secondary  circuit.  Then 
let  J^  and  Tm  denote  the  values  of  these  quantities  when  the  secondary 

'  See  P.  Drude,  "  Die  Dampf ung  von  Kondensatorkreisen  mit  Funkenstrecke," 
Ann.  der  Physik,  1904,  vol.  15,  part  4,  p.  709. 

■  See  V.  Bjerknes,  Ann.  der  Physik,  1896,  vol.  65,  p.  121,  •'  Ueber  Elektrische 
Resonanz."  See  P.  Drude,  Ann,  der  Physik,  1904,  vol.  18,  p.  612,  "  Ueber  induk- 
tive  Erregung  zweier  Elektrischer  SchwinguugskrelBe  mit  anwendung  auf  Perioden 
and  Dampfungsmesung,  Tesla  transformatoren,  und  drahtlose  Telegraphic." 
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circuit  is  so  adjusted  as  regards  inductance  that  J^  has  its  maximum 
value.     Again,  let — 

T,  =  Tm(l  +  v) (24) 

Since  Tg  =  -  and  TVn  =  -  where  tIi  and  «.,  are  the  frequencies  of 
the  two  circuits,  we  have— 

_  ^~  ^.  =  !^»  -  1 

Let  8i  and  S^  denote  the  logarithmic  decrements  of  the  primary 
and  secondary  circuits  as  we  have  defined  them. 
Drude,  following  Bjerknes,  then  shows  that — 


8,  +  8,  =  ^a/j^p' (26) 


Near  resonance  when  n.^  is  nearly  equal  to  %  the  quantity  17  becomes 
identical  with  1  —  ??. 

We  have  translated  Drude's  formula  into  our  notation,  but  in 
referring  to  the  original  paper  the  reader  should  note  that  his  logarith- 
mic decrement  is  double  of  ours,  being  defined  as  due  to  a  complete 
instead  of  a  semi-period,  and  also  that  he  takes  J,  and  not  J^,  to 
represent  the  integral  current.  We  shall  indicate  in  a  later  section  of 
this  chapter  (see  §  14)  the  method  by  which  the  above  formula  is 
obtained. 

Drude's  experiments  were  conducted  with  a  secondary  circuit 
which  had  the  form  of  a  rectangle,  the  sides  being  made  partly  of 
metal  rods  and  partly  of  tubes,  so  that  by  sliding  them  in  and  out  of 
each  other  the  length  of  the  rectangle,  and  therefore  its  inductance, 
could  be  varied  and  calculated.  A  condenser  of  known  capacity  was 
inserted  in  this  circuit,  and  also  a  short  piece  of  fine  wire,  to  which  a 
thermo-jxmction  was  attached.  This  last  was  connected  to  a  galvano- 
meter. Drude  first  proved  that  when  a  single  spark  discharge  was 
made  in  the  primary  circuit  the  induced  secondary  oscillation  heated 
the  fine  wire,  and  therefore  the  thermo-jxmction,  and  produced  a 
"  throw  "  or  ballistic  deflection  of  the  galvanometer  coil  proportional 
to  the  integral  effect  of  the  secondary  current  or  oscillation. 

He  then  showed  that  if  Im  was  the  length  of  side  of  the  secondary 
rectangle  corresponding  to  resonance  or  to  Jm,  and  if  dl  was  any  small 

variation  of  this  length,  the  quantity  tf  was  equal  to  ip-,  and  hence  the 
above  formula  (25)  transforms  into — 


8.+s.=i-,VcC.      • . .  m 


2   I 

*  See  P.  Drude,  Ann,  der  Physik,  1904,  vol.  16,  p.  716,  to  which  we  must  refer 
the  reader  for  the  rather  long  proof  of  the  above  formula,  which  is  derived  from 
another  equation  (84)  in  an  article  by  P.  Drude  in  Ann.  der  Physik ^  vol.  18,  p.  627. 
Another  proof  of  the  same  formula  is  given  in  §  14  of  this  chapter  (see  equation  (142)). 
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His  experimental  procedure  was  then  to  take  a  number  of  observa- 
tions of  the  integral  current  J^  corresponding  to  various  values  of  the 
side  of  the  secondary  rectangle,  and  to  plot;  a  curve  called  a  resonance 
curve f  in  which  ordinates  represented  the  "  throw  "  of  the  galvanometer 
and  abscissae,  the  length  of  the  side  of  the  rectangle  forming  the 
secondary  circuit.  For  the  fuller  explanation  of  the  nature  of  a 
resonance  curve,  the  reader  must  refer  to  §  14  of  this  chapter. 

Drude  then  calculated  for  any  given  length  of  side  the  inductance, 
and  hence  the  decrement  83,  of  the  secondary  circuit. 

The  observations  were  then  reduced  as  follows :  Corresponding  to 
each  particular  length  of  side  df  the  secondary  circuit  there  is  a  certain 
"  throw,"  5,  of  the  galvanometer  when  a  single  primary  spark  is  taken 
which  measures  the  secondary  integral  current.  If  Si  and  ^  represent 
two  throws  corresponding  to  two  lengths  of  side,  l^  and  ^3,  one  greater 
and  one  less  than  the  value  Sm  corresponding  to  resonance  by  equal 
amounts,  we  can  say  that — 

also    J»  =  *i+  b  and  Jm»  =  Sm 
2 

Therefore  we  have — 


Taking  a  number  of  values  of  I  and  s  from  the  resonance  curve, 
Drude  deduced  the  values  83  =  0-0083,  8i  =  008. 

The  above  values  are  the  semi-period  decrements.  They  show, 
therefore,  that  the  primary  circuit  is  much  more  damped  than  the 
secondary  circuit. 

By  a  large  number  of  observations  made  with  various  spark 
lengths  and  with  spark  balls  of  various  materials,  Drude  arrived  at 
the  following  conclusions : — 

1.  For  every  condenser  circuit  with  a  spark  gap  there  is  a  certain 
length  of  spark  for  which  there  is  a  minimum  damping. 

2.  For  zinc  spark  balls  and  small  sparks  this  critical  spark  length 
lies  between  1  and  2  mms.,  and  the  logarithmic  decrement  between 
005  and  008. 

3.  To  obtain  small  damping,  it  is  necessary  to  employ  a  condenser 
absolutely  free  from  brush  discharges  or  dielectric  hysteresis,  and 
this  can  only  be  done  by  constructing  the  condenser  of  metal  plates 
placed  in  petroleum  oil. 

4.  Zinc  spark  balls  give  the  smallest  damping,  and  preserve  their 
active  effect  in  producing  an  oscillatory  spark  longest.  Cleaning 
the  surfaces  increases  the  spark  activity  and  reduces  the  decrement. 

5.  The  integral  effect  in  the  secondary  circuit  increases  at  first 
with  increasing  spark  length  and  then  diminishes  again. 

6.  The  resistance  of  the  spark  depends  very  much  upon  the 
capacity  and  inductance  in  the  oscillating  circuit.  Hence  we  cannot 
speak  of  a  spark  of  given  length  having  a  definite  resistance.     With  a 
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large  capacity  and  small  inductance  the  spark  resistance  for  given 
length  is  less  than  with  small  capacity  and  large  inductance. 

7.  The  effects  of  increased  air  pressure,  and  of  light  falling  on  the 
spark  balls,  and  of  the  material  of  the  spark  balls  on  the  logarithmic 
decrement,  were  carefully  investigated.  Drude  says  that  spark  balls 
made  of  zinc  are  superior  to  those  made  of  brass  in  their  active  spark- 
producing  qualities. 

8.  The  effect  of  brush  discharges  on  the  edges  of  condenser  plates, 
and  of  dielectric  hysteresis  when  glass  was  employed  as  a  dielectric, 
showed  itself  in  increased  total  logarithmic  decrement,  and  therefore 
in  a  decreased  number  of  oscillations  per  train. 

From  the  point  of  view  of  practical  wireless  telegraphy  by  electric 
waves,  the  important  deduction  to  be  made  from  these  experiments  is 
the  advantage  of  employing  short  sparks.  In  those  cases  in  which 
high  charging  potentials  are  required,  it  is  better  to  gain  this  by  using 
a  number  of  short  sparks  in  series  rather  than  one  long  one.  This 
can  be  done  by  placing  a  number  of  insulated  metal  balls  in  a  row 
with  verv  small  spaces  between  them,  and  connecting  the  two 
terminal  balls  to  the  oscillating  circuit. 

6.  The  Resistance  of  an  Oscillatory  Spark.— Smce  the 
resistance  of  the  spark  in  a  condenser  circuit  traversed  by  electric 
oscillations  is  an  important  factor  in  determining  the  decay  of  the 
oscillations,  considerable  attention  has  been  given  to  experimental 
methods  for  determining  directly  the  resistance  of  an  oscillatory 
electric  spark  and  its  variation  with  quantity,  frequency,  and  spark 
length. 

The  factors  which  can  be  varied  are — 

(i.)  The  length  of  the  spark. 

(ii.)  The  quantity  of  electricity  which  passes  initially,  as  measured 
by  the  spark  potential  and  the  capacity  of  the  condenser  discharging. 

(iii.)  The  oscillation  frequency  determined  by  capacity  and  induc- 
tance of  the  circuit. 

(iv.)  The  group  frequency,  or  number  of  oscillatory  sparks  per 
second. 

(v.)  The  material  and  form  of  the  discharging  surfaces. 

(vi.)  The  pressure  and  nature  of  the  gas  in  which  the  spark  takes 


A  full  examination  of  the  effect  of  all  these  factors  has  not  yet 
been  made.  In  many  cases  the  conditions  of  experiment  have  not 
been  stated  accurately,  and  between  most  of  the  experiments  on  spark 
resistance  so  far  conducted  a  considerable  difference  of  conditions  has 
existed,  so  that  comparisons  are  difficult.  Some  observers  have 
endeavoiu*ed  to  measure  the  equivalent  ohmic  resistance  of  a  single 
oscillatory  spark.  Since,  however,  in  wireless  telegraphy  and  Hertzian 
wave  work  generally  we  nearly  always  employ  a  continuous  series  of 
oscillatory  sparks,  the  investigations  made  with  isolated  sparks  are 
not  of  predominant  interest. 

A  knowledge  of  the  logarithmic  decrement  as  obtained  from  the 
ratio  of  the  first  two  oscillations  gives  us  a  lower  Umit  te  the  resistance 
of  the  spark,  provided  we  know  the  high  frequency  resistance  of  the 
rest  of  the  circuit.  Thus,  in  the  experiments  on  damping  made  by 
Miss  Brooks  by  Rutherford's  method,  already  described,  the  inductance 
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of  the  metallic  part  of  the  discharge  cu'cuit  was  10*  cms.  The 
. capacity  employed  was  000277  mfd.,  and  hence  the  frequency  was 
nearly  10*.  The  quantity  47iL  was  therefore  nearly  4  x  10**^  cms.  per 
second,  or  40  ohms.  The  high  frequency  resistance  of  the  wire  of 
the  discharge  circuit  was  found  to  be  0*6  ohm  as  calculated  by  Lord 
Bayleigh's  formula.  Hence  if  r  is  the  spark  resistance  in  ohms  and  S 
the  logarithmic  decrement,  and  if  we  assume  the  spark  resistance 
constant  during  the  train  of  oscillations,  we  have — 

s;  _  0-6  +  r 
"      40 

Taking  the  values  of  8  given  in  the  first  table  on  p.  173  for  spark 
lengths  of  1,  3, 5, 11  mms.  respectively,  we  calculate  the  corresponding 
spark  resistance  as  follows : — 


Spark  length. 
8. 


1  mm. 
3    „ 
6    » 
11    „ 


Logaiitbmlc  decrement. 
8. 


0100 
0128 
0122 
0168 


Spark  resistance, 
r. 


8*4  ohms 
4-62   „ 
4-28   „ 
612   ,. 


It  must  be  noted  that  these  observations  refer  to  the  resistance  of 
single  sparks  or  discharges,  and  not  to  the  resistance  produced  when 
a  large  number  of  discharges  per  second  are  made  across  the  spark 
gap.  There  is  evidence  that  in  this  last  case  the  resistance  of  the 
train  of  sparks  is  very  much  less,  for  the  same  spark  length,  than  the 
values  given  in  the  above  table.  Accordingly,  these  results  are  valid 
only  for  the  circumstances  of  the  experiment. 

Miss  Brooks  found  that  the  pressure  of  the  air  round  the  spark 
exercised  a  very  marked  effect  on  the  damping,  reduction  of  pressure 
within  certain  limits  reducing  the  damping. 

An  interesting  deduction  is  made  in  her  paper  from  known  facts 
as  to  the  electric  charge  carried  on  gaseous  ions,  viz.  that  the 
expenditure  of  energy  in  the  manufacture  of  the  ions  just  necessary  to 
carry  the  discharge  across  the  gap  does  not  account  for  the  whole  of 
the  damping,  but  it  is  evident  that  a  vastly  larger  number  of  ions  are 
created  by  the  discharge  than  is  necessary  to  carry  the  discharge 
across.  It  is  to  the  recombinations  of  these  ions  that  the  heat  and 
light  of  the  spark  are  probably  due. 

Experiments  were  also  made  on  the  effect  of  variation  of  the 
capacity  of  the  condenser.  It  was  found  that  when  this  capacity 
was  greater  than  about  0001  mfd.  the  damping  was  practically 
independent  of  the  capacity,  but  that  for  very  small  capacities  the 
damping  increased  rapidly  with  decrease  of  capacity.  Hence  the 
damping  reaches  a  steady  state  when  the  discharge  current  exceeds  a 
certain  very  moderate  value. 

Professor  A.  Slaby  has  also  made  extensive  investigations  on 
the  resistance  of   an  oscillating  spark.*®     His  method  consisted  in 

"  See  Elektrotechnische  Zeitschrift,  Oct.  87,  1904  ;  also  Tfie  Electrician,  Nov.  11, 
1904,  vol.  64,  p.  150. 
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forming  an  oscillating  circuit  containing  in  series  the  ordinary 
spark'  gap  S,  of  fixed  length,  a  spark  gap,  S„  of  variable  length, 
a  condenser,  C,  and  inductance,  L,  and  a  variable  resistance,  E, 
in  the  form  of  a  graphite  rod,  as  well  as  a  sensitive  hot-wire 
ammeter,  A  (see  Fig.  2).  The  spark  gap  of  variable  length  was 
shunted  by  an  electrolyte  resistance,  U,  consisting  of  a  tube  containing 
a  solution  of  sulphate  of  copper  having  a  resistance  of  410  ohms. 
This  permitted  the  condenser  to  be  charged,  but  did  not  sensibly 
shunt  the  disruptive  discharge.  The  variable  spark  gap  was  then 
altered  in  length  from  zero,  and,  corresponding  to  various  lengths, 
readings  of  the  ammeter  were  taken.  This  gave  the  current  (E.M.S. 
value)  in  terms  of  the  spark  length.  The  spark  gap  Sj  was  then  made 
zero,  the  graphite  resistance  R  varied,  and  readings  of  the  ammeter 
again  taken.  This  gave  the  current  in  terms  of  the  graphite  resist- 
ance. These  two  sets  of  observations  were  plotted  as  curves  with 
current  as  ordinates,  and  for  equal  ordinates  they  showed  the  resistance 


Fio.  2. — Slaby'b  Method  of  measuring  the  Besistanoe  of  Oscillatory  Electrio 

Sparks. 

of  the  spark  gap  expressed  in  ohms.  In  repeating  these  experiments, 
the  author  has  found  it  to  be  an  Advantage  to  employ  a  long  induct- 
ance coil  of  low  resistance  instead  of  the  tube  of  sulphate  of  copper, 
and  in  place  of  the  graphite  rod  to  use  a  long  column  of  10  per  cent, 
dilute  sulphuric  acid  of  variable  length. 

The  final  results  indicated  that  the  resistance  of  the  spark  gap 
rises  parabolically  with  spark  length  for  small  lengths,  but  afterwards 
increases  linearly.  Professor  Slaby  found  that  with  increase  in  the 
capacity  of  the  oscillating  circuit  the  resistance  of  the  spark  per  milli- 
metre of  length  decreased. 

The  following  results,  taken  from  the  figures  given  in  Professor 
Slaby's  paper,  show  the  resistance  of  the  spark  for  various  spark 
lengths  when  the  capacity  in  the  circuit  had  a  value  of  360  electro- 
static units,  or  00004  mfd. 

Si>ark  length.  Spark  reslBtancc. 

1  mm 0-26  ohms. 

2 0-90      „ 

3  „       2-30      „ 

4  „        60        .     • 
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The  spark  resistance  for  given  lengths  depends  greatly  upon  the 
capacity  used,  that  is,  upon  the  quantity  of  electricity  discharged 
across  the  gap.  This  is  shown  by  the  curves  in  Fig.  3,  taken  from 
Professor  Slaby's  observations.  There  is  also  good  evidence  that  the 
spark  resistance  varies  with  the  number  of  discharges  per  second 
when  these  are  numerous.  .  Again,  if  the  conductance  of  the  spark  is 
plotted  in  terms  of  the  frequency,  it  is  found  that  as  the  period 
increases  the  conductance  diminishes,  at  first  linearly  and  afterwards 
more  rapidly. 

For  all  periods,  with  the  same  spark  voltage,  small  spark  lengths 
have  more  conductivity  per  unit  of  length  than  long  ones.  Hence 
the  advantage  of  using  a  number  of  small  spark  gaps  in  series,  instead 
of  one  long  one,  in  certain  cases  where  small  damping  is  required,  is 
very  great. 

OAFAcrrY  IN  Mbasubed  Eleotbostatig  (E.S.)  UinTS. 
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Professor  Slaby  found  that,  in  the  case  of  an  ordinary  wireless 
telegraph  aerial  wire,  the  damping  due  to  the  resistance  of  the  wire 
itself  is  neghgible.  For  a  120-foot  copper  wire  antenna  3  mm.  in 
diameter  it  amounts  at  most  to  about  0*8  per  cent.  Hence  we  may 
say  that  in  the  case  of  the  oscillating  circuits  used  in  Hertzian  wave 
telegraphy  the  damping  of  the  oscillations  is  almost  entirely  due  to 
the  resistance  of  the  spark  and  to  the  radiation  of  energy  from  the 
aerial  wire. 

To  obtain,  therefore,  a  wave  train  not  rapidly  damped,  the  resist- 
ance of  the  spark  and  of  the  rest  of  the  circuit  must  be  very  small, 
or  the  supply  of  energy  must  be  very  large  if  radiation  is  taking 
place. 

Another  method  of  measuring  the  spark  resistance  in  the  case  of 
a  non-radiative  circuit  has  been  employed  by  several  observers.  It 
depends  on  the  fact  that  if  a  condenser  is  discharging  with  oscillations 
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through  nearly  closed  circuit  partly  metallic  but  containing  a  spark 
gap,  and  if  the  condenser  itself  does  not  in  any  way  dissipate  energy 
internally  by  hysteresis  or  brush  discharges,  then  the  rate  at  which 
the  energy  is  given  out  by  the  condenser  must  be  equal  to  the  sum 
of  the  rates  at  which  it  is  being  dissipated  in  the  metallic  part  of  the 
circuit  and  in  the  spark. 

If  we  call  J  the  root-mean-square  value  of  the  instantaneous 
discharge  current  i  when  reckoned  in  amperes,  so  that 


/•QO 

=  NJ   t'di 


where  N  is  the  number  of  discharges  per  second,  and  if  E'  is  the 
high  frequency  resistance  of  the  circuit ;  then  J^R'  is  the  rate  at  which 
energy  is  dissipated  in  the  metallic  part  of  the  circuit.  Again,  if  r  is 
the  resistance  of  the  spark,  JV  is  the  rate  at  which  energy  is  dissipated 
in  the  spark.  We  have  then  to  find  experimentally  the  value  of  the 
root-mean-square  discharge  current  for  the  discharges  per  second. 

This  may  be  done  as  follows : — 

We  employ  a  hot-wire  ammeter  suitable  for  measuring  currents 
of  1  to  10  amperes  or  upwards,  the  hot  wire  of  which  consists  of 
a  number  of  fine  copper  wires  placed  in  parallel.  If  we  refer  to  the 
modification  of  Lord  Rayleigh's  formula  for  the  high  frequency  resist- 
ance of  round  copper  given  in  Chapter  II.,  viz. — 

E'  =  B-^^-n 

we  shall  see  that  if  ti  =  10*  we  have — 

^' =  40(/ nearly (28) 

Hence,  for  this  frequency,  when  d  is  as  small  as  025  mm.  there  is  no 
sensible  increase  in  resistance.  Accordingly,  a  copper  wire  of  No.  36 
S.W.G.  size  has  not  an  appreciably  greater  resistance  for  currents  of 
a  frequency  of  10*  than  for  steady  currents.  If,  therefore,  we  make 
an  ammeter  as  above  described,  and  calibrate  it  with  continuous 
currents,  we  shall  be  able  to  read  off  on  it  the  root-mean-square  value 
of  a  high  frequency  current  passing  through  it.  Suppose,  then,  that 
we  place  such  an  ammeter  in  a  circuit  consisting  of  a  round- sectioned 
copper  wire  bent  in  the  form  of  a  rectangle,  and  complete  this  circuit 
by  a  condenser  and  spark  gap.  The  condenser  must  be  of  such  a 
type  that  there  is  no  internal  dissipation  of  energy  in  it,  and  is  best 
made  of  metal  plates  placed  in  highly  insulating  oil.  We  then  take 
a  series  of  discharges  at  the  rate  of  N  per  second,  the  sparks  passing 
at  regular  intervals.  It  will  be  found  that  the  ammeter  gives  a  steady 
deflection  and  indicates  a  current,  say,  of  A  amperes.  If  we  calculate 
from  the  inductance,  capacity,  and  ohmic  resistance  of  the  circuit,  the 
high  frequency  resistance  R',  the  quantity  A'^R'  gives  us  the  rate 
at  which  energy  is  being  dissipated  in  the  metallic  part  of  the  circuit. 
If  we  know  the  spark  potential  V  corresponding  to  the  spark 
length,  then  the  quantity  |NCV'^  gives  us  the  rate  at  which  energy 
is  delivered  from  the  condenser.     Hence  the  quantity  ^NCV'^  —  A*R' 
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must  be  the  rate  at  which  energy  is  being  expended  in  the  spark, 
and  therefore  the  resistance  of  the  spark  r  must  be  given  by  the 
expression — 

^iNCV^-A'R' ^^g^ 

In  the  above  expression,  however,  we  assume  that  the  resistance 
of  the  spark  is  that  of  the  spark  which  is  due  to  the  condenser 
discharge  alone.  The  actual  spark  which  happens  is,  however,  an 
admixture  of  two  sparks,  or  rather  of  a  spark  and  an  arc.  At  the 
moment  when  the  dielectric  between  the  spark  balls  breaks  down, 
not  only  does  the  condenser  begin  to  discharge  with  oscillations, 
and  thus  form  the  true  oscillatory  spark,  but  the  induction  coil  or 
transformer  or  other  source  of  charging  voltage  produces  a  discharge 
across  the  gap  which  is  of  the  nature  of  an  electric  arc.  The  greater 
this  arc  the  less  will  be  the  resistance  between  the  discharge  balls. 
Hence  it  is  not  quite  easy  to  define  what  is  meant  by  spark  resistance, 
and  the  discrepancy  between  the  results  of  various  observations  on 
spark  resistances  may  to  some  extent  be  due  to  the  fact  that  arc  and 
spark  resistance  are  mixed  up  together  in  different  proportions.  We 
can  determine  to  what  extent  there  is  a  true  electric  arc  effect  mixed 
up  with  the  true  spark  discharge  as  follows:  If  C  is  the  capacity 
of  the  condenser  in  microfarads,  and  V  the  potential  in  volts  corre- 
sponding to  the  spark  length,  and  N  the  number  of  charges  per 
second,   then   the  charging  current    in    amperes  flowing  into    the 

NOV 
condenser  should  be  -tq6~i  since  this  is   the  quantity  per  second 

delivered  to  the  condenser.  If  we  then  insert  a  hot-wire  ammeter 
in  between  the  spark  balls  and  the  induction  coil  or  transformer, 
and  find  a  greater  value  than  that  given  by  the  above  expression  for 
the  current  flowing  out  of  the  source  of  supply,  we  know  that  the 
difference  between  the  observed  and  calculated  current  must  be 
passing  across  the  spark  gap  as  an  electric  arc. 

The  chief  difficulty,  however,  in  applying  this  last-mentioned  method 
of  determining  spark  resistance  is  in  the  correct  measurement  of  the 
spark  frequency  and  spark  voltage.  The  spark  frequency  can  be 
found  by  means  of  the  author's  spark  counter  (see  Chap.  II.,  §  15). 
It  is  by  no  means  correct  to  assume  that  there  is  only  one  discharge 
spark  for  each  break  of  the  circuit  of  the  induction  coil  or  alternation 
of  the  transformer,  whichever  is  used  to  create  the  discharges.  If  the 
spark  gap  is  short  inhere  may  be  several  oscillatory  discharges  per  break 
of  the  induction  coil  or  per  alternation  of  the  transformer.  On  the 
other  hand,  if  the  spark  gap  is  long  and  the  capacity  large  there  may 
be  a  lesser  number  of  oscillatory  sparks  than  alternations  of  the 
charging  potential.  The  second  ifficulty  consists  in  correctly 
estimating  the  spark  voltage,  that  is,  the  potential  to  which  the  con- 
denser is  charged.  When  the  spark  balls  become  hot  the  spark 
voltage  for  a  given  spark  length  is  decreased,  and  the  only  way  to 
determine  the  voltage  is  to  place  in  parallel  with  the  actual  spark  balls 
used  another  pair  consisting  of  brass  balls  of  a  known  diameter,  say 
2  cms.,  and  ascertain  to  what  distance  these  last  balls  must  be 
approached  in  order  that  discharge  may  just  begin  to   take  place 
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between  them,  and  from  that  distance  to  determine  the  corresponding 
spark  voltage  by  the  tables  given  in  Chapter  II.,  §  14.  Even  when 
the  spark  frequency  and  spark  voltage  are  correctly  estimated,  it  is 
found  that  great  discrepancies  exist  between  the  spark  resistances 
obtained  for  sparks  of  know^n  lengths.  This  is  unquestionably  due 
to  the  dififerent  degrees  in  which  true  electric  arc  discharge  is  mixed 
up  with  spark  discharge. 

Professor  Slaby  has  also  investigated  the  effect  of  change  of  size 
and  material  of  the  spark  balls  upon  the  spark  resistance.  He  found 
that  for  short  sparks  (less  than  4  mms.  in  length)  an  increase  in 
diameter  of  the  spark  balls  was  accompanied  by  an  increase  of  spark 
resistance,  but  that  for  longer  sparks  the  difference  was  imperceptible. 
As  regards  the  effect  of  material,  he  tried  balls  of  1  cm.  in  diameter 
made  of  brass,  copper,  lead,  aluminium,  magnesium,  cadmium,  zinc, 
tin,  iron,  steel,  silver,  gold,  and  platinum,  and  spark  lengths  from 
0*5  to  3  mms.,  using  apparently  a  very  small  capacity.  His  results 
showed  that  for  the  0*5 -mm.  spark  cadmium  and  tin  and  silver  balls 
gave  spark  resistance  about  half  that  of  the  other  metals,  which  were 
about  equal,  but  for  the  3-mm.  sparks  iron  and  steel  balls  gave  spark 
resistance  about  30  per  cent,  greater  than  that  of  the  remaining  metals. 

The  following  table  gives  the  chief  results : — 


Spark 

Spark  reelBtance  hi  ohms  between  10  mnu. 

diameter  balls  made  of— 

In  mUlf. 

1              t 

1 

metreB. 

Bra». 

Pb.     1     Cu.          Al. 

Mg.         Cd. 

Zn. 

Sn.          Fe.      1     Ag. 

1 

0-6 

0-9 

!           1 
0-9   1     1-3   1     1-3 

1-3         0-6 

10 

0'6        0-9   1     0-6 

10 

2-4 

1-8   '     2-8 

2-8 

2-8        1-5 

2-2 

1-2   i     2-2   ;     1-6 

1-6 

4-0 

3-3        4-4 

4-6 

6-5        30 

3-5 

2*5   ;     4*5 

2-6 

20 

5-9 

5-5        6-4 

71 

9-5 

6-2 

5-6 

4-6        7-7 

3-8 

2-6 

8-9 

9-3        9-3 

10-6 

14-6 

8-4 

8-4 

8-2   1   11-8 

6-8 

30 

12-8 

14-6   '   12-6 

1 

16-6 

—     1   12-4 

12-2 

18-3      16-4   !     8-9 

The  results  show  that  a  far  less  spark  resistance  for  a  3  mm.  spark 
voltage  could  be  obtained  by  using  four  tin  balls  placed  1  mm.  apart,  so 
as  to  obtain  three  1-mm.  sparks  in  series  between  tin  surfaces,  than  by 
using  a  single  spark  of  3  mms.  in  length  between  brass  and  iron  balls. 

The  author  has  repeated  these  experiments  of  Professor  Slaby,  but 
has  found  it  convenient  to  substitute  for  the  graphite  resistance  E 
in  Pig.  2  a  U-tube,  E,  full  of  dilute  sulphuric  acid  of  known  strength 
and  resistivity  (see  Fig.  4).  A  thermometer  immersed  in  this  liquid 
gives  its  temperature,  and  a  greater  or  less  length  of  the  column  of 
fluid  can  be  inserted  in  the  oscillatory  circuit  by  moving  up  or  down 
metallic  piston  electrodes  in  the  arms  of  the  U-tube.  In  place  of 
the  tube  D  of  sulphate  of  copper  an  inductance  spiral  may  be  used. 
Using  this  apparatus  and  spark  balls  (B)  of  iron,  zinc,  or  brass  1*25 
inch  in  diameter,  the  author  determined  the  spark  resistance  for  various 
lengths  of  spark  and  for  a  capacity  of  1070  mmfds.  as  shown  in  the 
curves  in  Rg.  6.  These  curves  show  that  with  increasing  spark 
length  the  resistance  of  the  spark  between  iron  balls  increases  rapidly 
when  compared  with  that  between  brass  or  zinc  balls. 

Measurements  of  oscillatory  spark  resistance  have  also  been  made 
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by  G.  Eempp  (see  Ann.  der  Physik,  1906,  vol.  17,  p.  627,  or  Srmire 
Abstracts,  1905,  vol.  8,  A.,  p. 
606).  Rempp  employed  the 
Bjerknes  resonance  method 
above  described,  the  secon- 
dary circuit  being  very  loosely 
coupled  with  the  primary 
circuit  containing  the  spark 
gap.  He  employed  rather 
small  capacities,  270  to  6860 
mmfds.,  and  long  spark  gaps, 
0  to  5  cms.  His  chief  result 
is  that  as  the  spark  length 
increases  from  zero  the  spark 
resistance  falls  to  a  minimum, 
which  occurs  at  about  3  mm. 
for  small  capacities  and  6 
mm.  for  large  capacities,  and 
that  after  this  is  reached  the 
spark  resistance  increases 
with  spark  length  very  rapidly 
for  small  capacities,  but  much 
more  slowly  for  larger  capa- 
cities. He  found,  as  others 
have    done,   that    beyond    a 

certain  capacity  the  spark  resistance  ceases  to  diminish  with  increase 
of  capacity.    Some  of  his  results  are  delineated  in  Figs.  6  and  7. 


fTU 


^^^ 


Fia.  4. — ^Arrangement  of  Apparatus  used  in 
Measurement  of  Spark  Besistances  at  Uni- 
versity College,  liondon.  E,  U-tube  of 
dilute  sulphuric  acid;  D,  high  resistance 
of  copper  sulphate  solution;  F,  hot-wire 
ammeter;  B,  adjustable  spark  balls;  C, 
condenser. 


Fig.  5. —Spark  Besistances  for  Various  Spark  Lengths  between 
Iron,  Brass,  and  Zinc  Balls.    (Fleming.) 


7.  Magnetio  Damping* — If  we  employ  as  the  oscillatory  circuit  a 


186 


DAMPING   AND  RESONANCE 


Spabk  Length  in  Gbntimetbes. 


Fio.  6.— Curves  showing  Results  of  Rempp's 
Observations  on  Spark  Resistance  for  Various 
Spark  Lengths  and  Capacities. 


wire  made  of  magnetic  material,  then,  in  addition  to  the  damping  or 
decay  of  the  oscillations  caused  by  the  resistance  of  the  wire  and  that 

____,     ^^®  ^  *^®  spark  (if  any)  in 

^"         T  '  '        ~^  '     the  circuit,  there  is  an  addi- 

tional damping  due  to  the 
work  absorbed  in  producing 
the  magnetic  changes  in  the 
circuit.  Bjerknes  found  for 
equal-sized  resonators  made 
of  wire  0*5  mm.  thick  a  log- 
arithmic decrement  of  0017 
if  the  metal  was  copper,  but 
0'13  if  it  was  iron  or  nickel.*^ 
The  fact  that  such  magnetic 
damping  occurs  is  proof  that 
magnetic  metals  retain  their 
magnetizable  qualities,  and 
therefore  hysteretic  energy 
dissipating  power,  even  when 
the  magnetizing  force  is 
being  reversed  millions  of 
times  per  second. 

Bjerknes  showed  by  ex- 
periment that  an  iron  or 
nickel  wire,  when  used  as  an 
oscillatorj'^  circuit,  has  sensibly  greater  damping  than  a  copper  one, 
also  that  the  deposition  of  the  thinnest  film  of  electro-deposited  copper 

on  the  iron  wire  sufficed  to 
annul  this  extra  damping.  This 
also  was  confirmed  oy  similar 
experiments  made  by  Pro- 
fessor Eutherford  and  by  Miss 
Brooks."  This  fact  alone 
affords  proof  that  electric  os- 
cillations are  confined  to  the 
surface  skin  of  the  wire. 

We  have  already  seen  (see 
Chap.  II.,  p.  90)  that  this  con- 
centration of  the  current  at 
the  surface  is  more  marked 
with  magnetic  conductors  than 
in  the  case  of  non-magnetic 
materials. 

At  one  time  it  was  considered  doubtful  whether  exceedingly  rapid 
alternations  of  magnetic  force  could  magnetize  iron,  and  therefore  give 
up  energy  to  it  in  consequence  of  magnetic  hysteresis. ^^  There  are 
many  facts,  however,  wluch  show  that  the  penetration  of  the  high 

"  See  V.  Bjerknes,  Wt«d.  Awn,,  der  Physik,  1892,  vol.  47,  p.  69,  and  vol.  48,  p. 
592, 1898.  The  above  numbers  are  half  of  those  given  by  Bjerknes  to  adjust  them 
to  our  definition  of  the  log.  dec. 

"  See  also  Miss  H.  Brooks,  Phil.  Mag.,  ser.  6,  vol.  2,  p.  92. 

"  See  Hertz,  Ann.  der  Fhysik  und  Chemie,  1888,  vol.  84,  p.  668. 
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Fio.  7. — Rempp's  Observations  on  Spark 
Besistance    for  Various    Capacities 
Spark  Lengths. 
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frequency  current  into  the  iron  conductor,  though  small,  is  sufficient 
to  bring  about  surface  magnetization,  and  therefore  hysteretic  loss. 
Suppose  we  set  up  a  pair  of  condensers  or  Ley  den  jars  and  connect 
their  outer  coatings  by  a  thick  copper  wire,  in  which  a  couple  of  loops 
of  two  or  three  turns  are  formed,  and  their  inner  coatings  to  the 
secondary  terminals  of  an  induction  coil  (see  Fig.  8). 

If  in  one  of  the  loops  formed  in  this  circuit  we  introduce  a  glass 
bulb,  B  (see  Fig.  8),  containing  air  or  any  other  gas  highly  rarified,  we 
find  that  at  each  discharge  of  the  coil  a  bright  ring  of  light  is  formed 
in  the  bulb.  This  is  an  induced  discharge  in  the  rarified  gas  acting  as 
a  secondary  circuit.  The  discharge  may  be  so  adjusted  that  the 
introduction  of  any  object  into  the  other  loop  in  the  condenser  circuit 
which  absorbs  the  energy  of  the  oscillation  quenches  the  glow  in 
the  gas. 


Pig.  8. — I,  induction  coil ;  L,  L,  Leyd^n  jars ;  B,  vacuum  bulb ;  W,  iron  core 
introduced  into  coil. 

Professor  J.  J.  Thomson  has  shown  that  it  is  possible  to  arrange 
the  experiment  so  that  the  introduction  of  a  cylinder  of  copper,  or 
bundle  of  copper  wire,  into  the  second  coil  of  the  primary  circuit  does 
not  much  affect  the  luminous  discharge  in  the  gas,  but  the  introduction 
of  a  similar-sized  cylinder  of  iron  or  equal  bundle  of  iron  wires,  W  (see 
Fig.  8),  unmediately  destroys  it.  This,  Professor  Thomson  points  out, 
must  be  a  consequence  of  the  energy  absorption  involved  in  magne- 
tizing the  iron,  so  that  although  its  electrical  conductivity  is  much  less 
than  copper,  yet,  owing  to  the  fact  that  its  permeability  is  much 
higher  than  unity,  its  damping  effect  on  the  electrical  oscillations  is  on 
the  whole  greater.** 

Accordingly,  we  are  led  to  the  conclusion  that  even  at  these  high 
frequencies  the  iron  is  magnetized  by  the  action  of  electrical  oscilla- 
tions, and  possesses  a  permeability  which  is  probably  as  high  as  300 
or  400. 

^*  See  "Researches  in  Electricity  and  Magnetism,"  p.  823;  also  see  J.  J. 
Thomson,  Phil.  Mag.,  Nov.  2,  1891,  p.  460. 
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Direct  photographic  proof  of  the  magnetizability  of  iron  by  oscilla- 
tory discharges  has  been  obtained  by  Dr.  E.  W.  Marchant,  and  the 
two  photographs  of  oscillatory  sparks  shown  in  Figs.  17  and  18  of 
Chapter  I.  illustrate  this  fact  well.^®  The  first  photograph  is  that  of  the 
spark  taken  when  a  condenser  of  0-06  mfd,  was  discharged  through  a 
coil  having  an  inductance  of  about  6  microhenrys,  the  potential  of  the 
discharge  being  13,500  voltei.  The  coil  contained  in  tins  case  no  iron 
core.  The  second  photograph  shows  the  spark  when  a  core  of  550  fine 
iron  wires,  No.  28,  was  inserted  into  the  paper  tube  on  which  the 
wire  was  wound. 

These  photographs  show  that  the  effect  of  the  iron  is  to  increase 
the  time  period  or  to  slow  down  the  oscillations,  and  in  addition,  owing 
to  the  increase  in  the  permeability  of  the  iron  as  the  discharge  current 
dies  away,  we  see  that  the  interval  between  successive  oscillations 
increases — in  other  words,  the  oscillations  are  no  longer  isochronous. 

Again,  it  has  been  shown  by  Professor  J.  J.  Trowbridge  that 
electric  oscillations  on  iron  wires  are  damped  out  more  quickly  than 
on  copper  wires,  and  that  there  is  an  energy  absorption  in  the  case  of 
iron  greater  than  can  be  accounted  for  by  its  electrical  resistance.^* 

An  excellent  investigation  by  Mr.  C.  E.  St.  John  has  confirmed 
the  above  results."  By  creating  stationary  electric  waves  on  vdres, 
Mr.  St.  John  has  shown  that  the  inductance  of  iron  wires  is  greater 
than  that  of  similar-sized  copper  wires  when  made  into  circuits  of 
the  same  form,  and  conveying  electric  oscillations  of  a  frequency  of 
about  56  millions  by  3'4  to  4*3  per  cent.,  and  he  has  confirmed  the 
result  that  in  the  case  of  iron  wire  there  is  a  more  rapid  damping  out 
of  the  oscillations. 

The  experiments  show  that  the  permeabiUty  of  the  iron,  even  at 
this  frequency,  on  an  average  is  still  as  high  as  385. 

In  discussing  the  various  forms  of  detectors  for  electric  waves,  we 
shall  have  to  notice  some  which  depend  for  their  action  upon  the  fact 
that  electric  osciDations  can  annul  the  magnetic  hysteresis  of  iron,  as 
well  as  give  up  their  energy  to  it  in  consequence  of  hysteresis. 

The  practical  deduction  to  be  made  from  the  above  facts  is  that 
the  rate  at  which  electric  oscillations  decay  on  an  iron  wire  is  much 
greater  than  that  at  which  they  would  decay  if  a  non-magnetic  wire 
of  the  same  size  is  used ;  in  other  words,  the  logarithmic  decrement 
is  greater.  This  is  in  some  small  degree  due  to  a  difference  in  electric 
resistance,  but  chiefly  to  the  magnetic  permeability  of  the  iron.  Hence 
the  moral  is,  that  iron  wires  must  not  be  used  for  constructing  oscil- 
latory circuits  in  which  it  is  desired  that  the  oscillations  shall  be  as 
little  damped  as  possible.  Hence  iron  must  not  be  used  for  wireless 
telegraph  aerials.  Nevertheless,  well-galvanized  iron  wire  can  be  used, 
since  it  has  been  shown  that  a  very  thin  layer  of  zinc  placed  on  iron 
is  sufficient  to  confine  the  electric  oscillations  to  the  zinc,  and  prevent 
them  from  penetrating  to  the  iron  beneath  and  giving  up  their  energy 
to  it. 

»*  Taken  from  a  letter  by  Dr.  Marchant  to  Nature,  Aug.  30, 1900. 

"  See  Prof.  J.  Trowbridge,  "  The  Damping  of  Electric  Oscillations  on  Iron 
Wires,"  Phil.  Mag.,  Dec.,  1891,  ser.  6,  vol.  32,  p.  604. 

"  See  Mr.  C.  E.  St.  John,  "  Wave  Lengths  of  Electricity  on  Iron  Wires," 
Phil.  Mag,y  Nov.,  1894,  ser.  5,  vol.  88,  p.  425. 
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8.  Damping  due  to  Radiation  and  other  Causes.— It  will  have 
been  evident,  from  the  facts  considered  in  the  two  previous  sections, 
that  any  source  of  dissipation  of  energy  in  the  oscillatory  circuit 
shows  itself  by  causing  damping  or  decay  in  the  oscillations.  Hence 
not  only  does  ohmic  resistance  of  the  circuit  or  spark  gap  and  mag- 
netic hysteresis  (if  any)  in  the  wire  circuit  create  damping,  but 
dielectric  hysteresis  (if  any),  or  true  dielectric  conduction,  or  brush 
discharges  over  the  dielectric  surface  of  the  condenser  used,  are  also 
possible  additional  causes.  Also,  if  energy  is  being  sent  off  from  the 
oscillatory  circuit  in  the 
form  of  electric  waves  or 
radiation,  this  also  creates 
very  considerable  damping. 
In  a  later  chapter  we  shsJl 
study  more  particularly  the 
forms  of  circuit  which  can 
thus  radiate.  Meanwhile 
we  may  say  that  if  the 
distance  between  the  two 
surfaces  which  form  the 
condenser  is  small  com- 
pared with  the  linear  di- 
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Fia.  9. — a,  closed  oscillation  circuit ;  h,  c, 
open  oscillation  circuits. 


mensions  of  the  smaller  of  the  two  plates,  then  the  circuit  containing 
this  condenser  is  called  a  closed  oscillalion  drcmt.  If,  however,  the 
distance  is  large  compared  with  the  linear  dimension  of  the  smaller 
of  the  two  surfaces,  the  circuit  is  called  an  open  osdlkUion  circuit. 

Typical  instances  of  closed  or  non-radiative  and  open  or  radiative 
circuits  are  shown  in  Fig.  9. 

Again,  if  we  couple  a  nearly  closed  oscillatory  circuit  consisting  of  a 
condenser,  C,  spaxk  gap,  S,  and  inductance  coil,  L,  with  another  open 
circuit,  M  (see  Fig.  10),  the  open  circuit  can  have  electric  oscillations 
created  in  it  inductively  by 

the  other,  and  these  oscil-     j — i /TOOOWN. 

lations  can  in  turn  create     I     I  '00000 

a  disturbance  called  an 
electro  -  magnetic  wave  in 
the  surrounding  aether. 
Hence  energy  is,  so  to 
speak,  sucked  out  of  the 
closed  circuit  by  the  radiat- 
ing circuit,  and  considerable 
damping  ensues.  The 
closed  circuit  alone  cannot 
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Fig.  10.— Inductive  Coupling  of  a  Closed  and 
Open  Oscillation  Circuit. 


radiate  if  the  condenser  plates  are  close  together,  but  it  can  radiate  if 
coupled  with  an  open  one. 

If  oscillations  are  created  in  a  nearly  closed  circuit  by  connecting 
the  spark  balls  to  the  secondary  terminals  of  an  induction  coil,  then 
experiment  shows  that  these  oscillations  are  very  persistent,  the  loga- 
rithmic decrement  is  small,  and  the  damping  almost  wholly  due  to 
the  resistance  of  the  spark.  Several  hundred  oscillations  may  take 
place  before  the  electrical  disturbance  dies  away.  On  the  other  hand, 
if  we  set  up  oscillations  in  an  open  circuit,  the  decay  of  the  oscillations 
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is  much  more  rapid,  and  is  almost  entirely  due  to  the  fact  that 
they  impart  their  energy  to  the  surrounding  sether,  and  create  electric 
waves  by  a  process  discussed  more  in  detail  in  a  subsequent  chapter. 
There  are,  therefore,  very  few  oscillations,  a  dozen  at  most,  before  the 
electrical  motion  has  practically  ceased.  There  is,  therefore,  a  very 
great  difference  between  these  two  forms  of  circuit.  The  closed 
circuit  is  called  a  persistent  oscillator,  and  the  open  one  a  good 
radiator. 

As  we  can  always  avoid  using  iron  or  magnetic  wires  for  oscil- 
latory circuits  and  also  condensers  in  which  internal  dielectric  energy 
losses  occur,  we  need  not  concern  ourselves  further  with  the  increase 
in  damping  which  arises  from  hysteresis  losses,  whether  magnetic  or 
dielectric.  On  the  other  hand,  we  are  unable  to  arrest  tlie  decay  of 
oscillations  due  to  resistance  or  radiation.  The  total  logarithmic  de- 
crement in  any  oscillatory  circuit  is  therefore  made  up  of  two  parts — 

(i.)  That  due  to  resistance  (in  German  called  Jovle'sche^  decrement)^ 
and  (ii.)  that  due  to  radiation  {Strahlungs  decrement). 

The  relative  numerical  value  of  these  two  decrements,  or  parts 
of  the  total  decrement,  depends  upon  the  nature  of  the  oscillatory 
circuit. 

In  the  case  of  an  open  circuit  oscillator,  such  as  a  Hertzian 
oscillator,  consisting  of  two  rods  placed  in  line  with  their  ends  nearly 
touching,  and  furnished  with  spark  balls,  or  in  the  case  of  a  Marconi 
aerial,  consisting  of  a  pair  of  spark  balls,  one  connected  to  the  earth 
and  the  other  to  a  vertical  insulated  wire,  the  radiation  decrement  very 
greatly  exceeds  the  resistance  decrement. 

In  the  case  of  a  certain  circular  Hertz  resonator,  consisting .  of 
a  nearly  closed  metalUc  circuit  interrupted  by  an  air  condenser, 
S.  Lagergren  found  that  the  radiation  decrement  was  only  0*071, 
whilst  the  resistance  decrement  was  0*0064,  the  total  decrement 
being  0-077.^« 

M.  Planck,  however,  found  that  the  radiation  decrement  for  an 
open  or  radiative  circuit  of  the  Hertzian  type  was  as  high  as  0*16, 
whilst  the  resistance  decrement  was  only  0*045,  the  total  decrement 
being  01^6^ 

Bjerknes  has  shown  that  for  certain  equal  oscillators  made  respec- 
tively of  copper  and  platinum,  in  the  case  of  the  copper  75  per  cent. 

of  the  energy  lost  is  due  to  radiation, 
<_  I        ___-_._>        ^^^  25  per  cent,  is  dissipated  by  re- 

OQ  Q  (^\     sistance ;   whereas  for  the  platinum 

\^     37*5  per  cent,  was  lost  by  radiation 
and  62*5  per  cent,  by  resistance. 
Fig.  11.  -I^Jgi^^-^^11  Oscillator.  rphe  predetermination  of  the  radia- 

^   ®^  ^*'  tion  logarithmic  decrement  can  only 

be  achieved  in  a  few  cases  by  reason  of  the  diflBculty  of  the  calcu- 
lations. 

Taking  the  case  of  a  linear  oscillator  consisting  of  two  metal 

"  See  S.  Lagergren,  "  Ueber  die  Dampfung  Electrischer  Resonatoren,"  Wied, 
Ann,  der  Physik,  1890,  vol.  64,  p.  290. 

*•  See  Max  Planck,  Wied.  Ann.,  1897,  vol.  60,  p.  699.  These  figures  are,  of 
course,  the  decrements  per  half  period.  Planck  gives  the  decremental  values  per 
whole  period. 
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spheres  at  the  extremities  of  two  metal  rods,  provided  at  their  inner 
ends  with  small  spark  balls  (see  Fig.  11),  Hertz  calculated  the  energy 
stored  up  and  the  energy  lost  per  oscillation  to  be  as  follows : — *° 

Let  I  be  the  length  of  the  oscillator,  measured  from  ball  to  ball, 
let  X  be  the  wave  length  of  the  radiation  emitted,  and  Q  the  charge 
on  either  half  of  the  oscillator  jiist  before  the  spark  discharge  begins. 
Then  Hertz  shows  that  the  energy  lost  by  radiation  from  this 
oscillator  per  half  period  is  given  by  the  expression — 

3X3       K^^) 

For  the  proof  of  the  above  formula  we  must  refer  the  reader  to  §  10, 
Chap,  v.,  of  this  treatise.*^  Also  in  the  same  place  it  is  shown  as 
a  consequence  that  if  C  is  the  capacity  of  one  part  of  the  oscillator 
with  respect  to  the  other,  and  S  is  the  radiation  logarithmic  decrement 
as  defined  for  the  semi-period — 

8  =  --^-        ........     (31) 

We  may  apply  this  to  a  case  given  by  Hertz  himself  (see  "  Electric 
Waves,"  p.  150). 

The  oscillator  consisted  of  two  metal  rods,  each  5  mms.  in 
diameter  and  50  cms.  in  length.  To  the  ends  of  these  rods  were 
attached  metal  spheres,  30  cms.  in  diameter  (see  Fig.  11).  The  rods 
were  placed  in  line,  with  a  spark  gap  of  7*5  mms.  between  the  small 
knobs  terminating  the  metal  rods. 

We  have  first  to  calculate  the  capacity  of  one  half  of  the  osciUator 
with  respect  to  the  other.  The  capacity  of  a  sphere  in  electrostatic 
imits  is  numerically  equal  to  its  radius  in  centimetres. 

The  capacity  of  one  sphere  with  respect  to  the  other  is,  however, 
only  half  of  the  above  value,  because  the  two  spheres  may  be  con- 
sidered to  be  in  series  with  each  other.  Hence  the  capacity  with 
which  we  are  concerned  is  equal  to  7-5  cms.  Inserting  this  value  for  C 
in  the  expression  ^23),  and  the  values  v*  =  97*4,  I  =  100,  and  X  =  480 
(as  given  by  Hertz)  we  find  for  the  value  of  the  radiation  decrement  § — 

8  _  16  X  97-4  X  (100)'  X  7-5  ^  q.^„  ,33. 

6  X  (480)3  u    I  ....     I,    ; 

To  obtain  the  total  decrement,  we  have  to  add  to  this  the  resistance 
decrement.  Since  the  resistance  is  almost  entirely  due  to  the  oscilla- 
tory spark,  that  of  the  rod  being  neghgible,  it  will  be  sufficient  to 

calculate  it  by  the  formula  r-j  ,  where  r  is  the  resistance  of  the  spark, 

n  the  frequency,  and  L  the  inductance  of  the  rods. 

The  high  frequency  inductance  of  the  straight  rod,  100  cms.  in 

*•  See  Hertz,  "  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  150. 
»*  See  also  "  -^ther  and  Matter,"  Adams  prize  essay,  by  Dr.  J.  Larmor,  Sec. 
R.  S.,  p.  226,  where  the  same  formula  is  deduced  by  a  different  method. 
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length  (=0  and  5  mms.  in  diameter  (=  d),  can  be  approximately 
calculated  by  the  formula —  . 


L  =  2/(log4'-l) 


Hence  L  =  1134  cms.     The  frequency  is  therefore  nearly  50  x  10*. 

The  value  of  47iL  is  therefore  204  x  10",  or  nearly  200  ohms. 

We  have  already  seen  that  the  resistance  of  a  7-mm.  oscillatory 
spark  may  be  rather  over  5  ohms,  and  hence  the  logarithmic  decre- 
ment due  to  resistance  would  then  be  about  ^,  or  0025.  Hence,  for 
the  oscillator  in  question,  when  in  operation  we  have  a  radiation 
decrement  equal  to  017,  and  a  resistance  decrement  equal  to  0-025, 
and  a  total  logarithmic  decrement  of  0*2  nearly.  Hence  the  loss  of 
energy  by  radiation  per  oscillation  is  more  than  10  times  as  great  as 
that  due  to  the  resistance  of  the  spark. 

V.  Bjerknes,  in  an  important  paper,"  has  shown,  by  the  method 
already  explained,  that  the  total  damping  of  a  Hertzian  oscillator  is 
very  hxge,  and  he  obtained  experimentally  for  a  certain  Hertzian 
oscillator  total  logarithmic  decrements  with  various  spark  lengths,  as 
follows : — 

ToUl  logarithmic  decrement 
Spark  length.                                                                       per  half  period. 
1mm 014 

2  „        0-16 

3  „        016 

4  , • 0-17 

5  „        020 

The  gradual  increase  in  the  value  of  $  is  without  doubt  due  to  the 
steady  increase  in  the  spark  resistance  with  spark  length,  which 
increases  the  part  of  the  decrement  due  to  resistance.  The  agree- 
ment between  the  calculated  value  of  the  total  decrement  and  that 
obtained  experimentally  by  Bjerknes  for  a  5-mm.  spark  is  very  close. 

In  another  case,  Bjerknes  measured  the  logarithmic  decrement 
of  a  Hertz  radiator  consisting  of  two  metal  rods,  each  5  mms.  in 
diameter  and  50  cms.  in  length,  having  attached  at  the  ends  circular 
discs  of  metal  30  cms.  in  diameter.  The  opposite  ends  terminated  in 
spark  balls,  and  the  rods  were  placed  in  Hne  with  each  other. 

The  capacity  in  free  space  of  a  circular  disc  of  diameter  D  cms.  in 

electrostatic  units  is  — .      Hence  in  this  case  the  capacity  of   each 

TT 

disc  in  space  was  nearly  10  cms.  The  capacity  of  one  half  of  the 
oscillator  with  respect  to  the  other  is  therefore  5  cms.,  or  a  little  more, 
on  accoimt  of  the  capacity  of  the  rod. 

Bjerknes  found  that  the  wave  length  of  the  wave  radiated  from 
the  oscillator  was  431*2  cms.  Hence,  substituting  in  the  formula  for 
§  the  values  C  =  5,  X  =  431-2,  I  =  100,  we  have— 

o      16  X  97-4  X  (100)^  X  5 

^= 6xT431-2F^=^^^     •     •     •     ^^^^ 

«  See  V.  Bjerknes,  "  Uber  die  Dampfung  Sohneller  Eleotrischer  Schwingun- 
gen,"  Wied.  Ann,  der  Physih,  1891,  vol.  44,  p.  74. 
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The  resistance  decrement,  for  the  Hertz  oscillator  previously 
mentioned,  has  a  value  of  about  0*025.  Hence  the  total  decrement 
should  be  0185. 

Bjerknes  found  experimentally,  for  this  oscillator,  a  total  loga- 
rithmic decrement  (per  half  period)  of  0*2,  which  •  agrees  fairly  well 
with  the  above  calculated  value." 

An  important  case,  which,  however,  can  only  be  treated  approxi- 
mately, is  that  of  the  Marconi  aerial  wire  in  its  original  form.  As  we 
shall  see  in  a  subsequent  chapter,  Marconi  made  telegraphy  without 
wires  by  means  of  electric  waves,  possible  by  his  invention  of  the 
earthed  radiator. 

A  vertical  insulated  wire  has  a  spark  ball  at  the  lower  end  which 
is  placed  in  apposition  to  another  spark  ball  connected  to  the  earth. 
The  two  balls  are  connected  to  the  secondary  terminals  of  an  induction 
coil.  When  the  coil  is  in  action  the  aerial  wire  is  charged  and 
discharged  alternately  with  oscillations  across  the  spark  gap.  It  is 
well  known  that  these  oscillations  are  strongly  damped.  We  can 
obtain  a  fair  approximation  to  the  logarithmic  decrement  and  to  the 
damping,  as  follows : — 

The  capacity  of  such  an  aerial  wire  with  respect  to  the  earth  is 
not  very  different  from  that  of  a  very  prolate  ellipsoid  of  revolution 
whose  major  axis  is  equal  to  the  height  h  of  the  aerial  wire,  and  its 
minor  axis  to  the  diameter  d  of  the  wire. 

An  expression  for  the  capacity  of  such  a  prolate  ellipsoid  in  electro- 
static units  has  already  been  given,  obtained  from  the  general  expression 
for  the  capacity  of  an  ellipsoid  (see  Chap.  IT.,  p.  129),  and  it  is — ** 

C=— ^T (34) 

Provided  that  the  lower  end  of  the  wire  is  not  too  near  the  earth, 
the  above  expression  enables  us  to  calculate  within  about  5  or  10  per 
cent,  the  capacity  of  a  single  vertical  Marconi  aerial  wire. 

It  can  be  shown  that  if  an  ellipsoid  of  revolution  is  divided  by 
parallel  planes  taken  perpendicularly  to  its  axis  of  revolution,  each 
of  the  zones  into  which  the  surface  is  divided  has  the  same  electrical 
capacity  in  situ.  Hence  if  the  vertical  wire  is  not  too  near  the  earth 
we  may  assume  that  its  capacity  per  unit  of  length  is  the  same  all 
the  way  up  it.     As  a  matter  of  fact,  in  actual  aerial  wires  the  bottom 

Portions  have  larger  capacity  per  unit  of  length  than  the  upper  ones, 
y  reason  of  their  greater  proximity  to  the  earth. 
We  have  in  the  next  place  to  calculate  the  eledtic  moment  of  such 
a  linear  oscillator. 

In  discussing  the  case  of  the  Hertzian  oscillator  above,  we  have 
assumed  that  the  electrical  capacity  was  limited  to  the  capacity  of 
the  two  spheres  placed  at  the  outer  ends  of  the  linear  oscillator  or 
wire  interrupted  in  the  centre  by  a  spark  gap. 

w  See  V.  Bjerknes,  Bihang  till  K  Svenska  Vet.  Akad  Handlungen,  1898. 
20  Afd.,  I.  nr.  6, 11.  p.  6,  "  Ueber  Electrische  Resonanz ; "  see  also  M.  Planck, 
WUd,  Ann,  der  Phystk,  1897,  vol.  60,  p.  696. 

**  J.  A.  Fleming  and  W.  C.  Clinton,  "  On  the  Measurement  of  Small  Capacities 
and  Inductances,"  Phil  Mag.,  ser.  6,  vol.  6,  p.  492 ;  see  also  Chap.  II.,  §  7. 

O 


194  DAMPING   AND   RESONANCE 

In  the  case  of  the  Marconi  aerial  wire,  we  have  capacity  dis- 
tributed all  along  it,  and  we  must  calculate  what  must  be  the  capacity 
which,  concentrated  at  the  top  of  the  aerial,  would,  when  charged  with 
the  potential  found  at  the  summit,  give  a  total  electric  charge  equal 
to  that  actually  resident  on  the  wire.  We  shall  show  in  the  next 
chapter  (see  Chap.  lY.,  §  7)  that  when  oscillations  are  excited  on 
such  a  wire  the  maximum  potential  increases  all  the  way  up  the  wire 
from  the  earthed  end  to  the  top  in  accordance  with  a  simple  sine  law. 
This  fact  has  been  experimentally  confirmed.  Hence  S  V  denotes 
the  maximum  potential  of  an  element  of  the  wire  at  any  distance,  x, 
from  the  earth,  and  if  Vj^  is  the  potential  at  the  top  of  the  aerial  wire 
of  height  /?,  then  the  expression — 


V  =  V..ta(|.|) 


gives  us  a  value  for  V  which  complies  with  the  terminal  conditions. 
Let  c  be  the  capacity  of  the  wire  per  imit  of  length,  and  hence  the 
whole  capacity  of  the  wire  C  is  given  by — 

The  maximum  charge  of  electricity  (ZQ  on  any  element  of  length 
dx  of  the  wire  is  then — 


V^sin 


ai> 


2  log.  ^ 

To  obtain  the  whole  charge  of  the  wire,  we  have  to  integrate  the 
above  expression  between  the  hmits  h  and  0.     Hence  we  have — 

y  =  Ai       sm (  - .  -  W.r  =  ''ai  •    h  =  -CV/i 


''a       r*«;«/^  ^\i 


Wv 


21°«'7Jo  21og.fJ 

The  quantity  -  CVa  is  called  the  eledric  moment  of  the  antenna. 

Hence  if  we  suppose  the  capacity  of  the  wire  itself  to  be  zero,  but 
2 
a  capacity  equal  to  -  of  that  of  the  real  wire  to  be  placed  at  the 

summit  and  charged  to  a  potential  Va,  that  charge  will  be  equal  to 
the  actual  charge  distributed  on  the  wire.  Hence  in  the  general 
expression  (31)  for  the  radiation  decrement  of  an  oscillator  we  have 
to  substitute  for  the  symbol  C,  which  denotes  the  capacity  of  one 
part  of  the  oscillator  with  respect  to  the  other,  the  expression — 

2A 

51 


27r  log< 
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since  this  last  expression  is  the  equivalent  terminal  capacity  of  the 
Marconi  aerial  wire. 

Also,  we  have  to  substitute  for  the  symbol  I  the  height  h  of  the 
wire.  Again,  we  shall  show  in  Chapter  IV.  that  the  wave  length  X 
of  the  radiated  wave  is  approxiinatehj  four  times  the  height  of  the 
aerial,  so  that  X'  =  64A'.  Making  these  substitutions,  we  find  that  for 
the  vertical  earthed  oscillator  or  Marconi  aerial  wire  the  radiation 
decrement  8  is  given  by — 


8  = 


«• 


24  log. 


^    •    •    • (35) 


since  ir*  =  31 006,  the  above  formula  is  very  nearly  equivalent  to — 

^=r-Ti (3^") 

This  expression  gives  us  radiation  decrement  per  half-period,  and 
agrees  very  well  with  experimental  results.  A  formula  for  the 
damping  of  a  linear  oscillator  has  been  given  by  M.  Abraham  (see 
}Fie(L  Ann.,  1898,  vol.  66,  p.  436)  nearly  identical  with  (36)  (see 
Chap.  V.  §  11). 

Suppose  we  consider  the  case  of  a  vertical  wire  of  diameter 

0-1  inch  and  height  180  feet,  such  as  is  used  in  Marconi  wireless 

2h  2h 

telegraphy.     For  this  wire  -^  =  43,200,  and  log^  j  =  10*66.    Hence— 


S  =  fn«A  =  0117,  or,  say,  012 


Since  the  inductance  L  of  such  an  aerial  wire  will  be  about  10° 
cms.,  and  the  spark  resistance  r  may  be  perhaps  6  ohms,  whilst  the 
frequency  n  will  be  of  the  order  of  10*^,  we  see  that  the  resistance 

T 

decrement  v-y  will  be  about  0*0126,  and  hence,  as  in  the  case  of  the 

Hertzian  osciQator,  the  radiation  decrement  is  about  10  times  the 
resistance  decrement.  The  total  decrement  will  be  0133,  or,  say,  014 
per  half -period. 

To  sum  up,  we  may  say  that  for  any  ordinary  form  of  Hertzian 
oscillator,  including  a  Marconi  vertical  wire  aerial  radiator,  the 
logarithmic  decrement  per  half-period  due  to  radiation  has  a  value 
not  far  from  01  or  02,  whilst  the  logarithmic  decrement  per  half- 
period  due  to  the  resistance  of  the  spark  is  very  considerably  less, 
say  about  001  or  002. 

This  means  that  the  oscillations  are  practically  extinguished  in 
about  ten  complete  osciUations  or  less.  For  since  e"  ^®^  =  c*  =  64*6, 
a  logarithmic  decrement  of  0*2  implies  that  the  tenth  complete  oscilla- 
tion has  a  value  which  is  only  2  per  cent,  of  the  first  oscillation,  and 
is  therefore  practically  negligible.  To  facilitate  the  calculation  of  the 
decay  of  oscillations  for  given  decrements,  we  append  a  table  of  the 
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powers  of  c  for  various  fractional  and  integer  exponents.  In  Fig.  12 
are  shown  a  series  of  curves  which  are  the  plotting  of  the  equation 
y  =  e"^  for  different  values  of  8  marked  on  the  curves. 


Valubs  op  € 
c  =  2-71828. 


s 

8 
c  • 

s 

1-106 

8 

s 
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0-00    . 

1-000 
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800    . 
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0-70     . 
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— 

007     . 
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,  4-60    . 

880 
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— 

0-08    . 

1-083 

0-90    . 

2-46 

'  600    . 
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10-00    . 

— 

009    . 
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1 

If  the  amplitude  of  the  first  oscillation  is  taken  as  unity,  the  ordinates 
of  any  curve  show  the  successive  amplitudes  at  the  end  of  each  period, 
corresponding  to  decrements  per  half-period  marked  on  the  curve. 


i 
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Number  of  Complbte  Periods. 

Fig.  12.— Curves  shovring  the  Amplitude  of  the  Oscillatory  Potential  or  Current 
at  the  end  of  each  Complete  Period  for  Yarioos  Values  of  the  Decrement  8  per 
semi-period. 

An  expression  for  the  ratio  between  the  radiation  decrement  8'-  and 
the  resistance  decrement  8,  has  been  established  by  Max  Planck,"  who 
arrives  at  the  formula — 

**  See  Max  Planck,  *•  Uber  Electrische  Schwingungen  welche  durch  Resonanz 
erregt  und  durch  Strahlung  gedampft  werden,"  Wied.  Ann.  der  Physik,  1897,  vol. 
60,  p.  677. 
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8,         3    \kJ    rxiCK ^^^^ 

where  r  is  the  spark  resistance  in  ohms,  and  I  and  X  are  the  length  and 
wave  length  of  the  oscillator.  Since  X  is  from  4  to  5  times  /,  and  r 
may  be  5  to  10  ohms  generally,  we  have — 

|  =  26W;    .......    (37) 

which  may  have  a  value  from  5  to  16  or  so,  according  as  we  take 
r  =  5  or  10  and  ^  =  16  or  25. 

A  formula  very  similar  to  that  given  by  Planck  can  be  deduced 
for  the  ratio  of  the  energy  expended  in  radiation  and  that  expended 
in  the  spark. 

Consider  the  first  half-period  (  o  )  oi  Q,n  oscillation  in  which  the 

maximum  current  is  7„  and  therefore  the  root-mean-square  value 

-7a.     We  have,  for  the  value  of  the  energy  expressed  in  electrostatic 

units  (E,)  expended  in  the  spark  (of  which  the  resistance  is  r  ohms)  in 
the  first  half -period,  the  expression  - 

^       rxlQ^Xl{'xT 

9x10^x2x2 ^"^^^ 

The  numeric  9  x  10*^  in  the  denominator  is  the  factor  for  converting 
resistance  measured  in  electromagnetic  units  to  resistance  measured 
in  electrostatic  units. 

In  one  half -period  the  energy  expended  in  radiation,  also  expressed 
in  electrostatic  units  (Er),  is  given  by  Hertz's  formula — 

Er=^'^? (39) 

As  we  have  already  shown  (see  p.  166,  equation  (13))  that — 

Cy  V^  =  Qy  = /i'€« (40) 

Substituting  the  above  value  of  Q^  in  Hertz's  expression,  we 
have — 

--^?- ^") 

Hence,  dividing  equation  (41)  by  (38),  and  remembering  that  for 
electric  radiation  through  space  nX  =  3  x  10*®,  we  obtain — 
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Hence  the  ratio  is  independent  of  the  amplitude,  and  is  the  same 
for  each  half-oscillation,  and  therefore  for  the  whole  train. 

The  formula  (42)  differs  from  Planck's  formula  (36)  only  by  the  factor 
e',  and  this  is  nearly  unity  if  S  is  small.  This  factor,  however,  is  not 
unity  if  8  has  a  value  such  as  0*2,  for  then  c'  is  then  near  to  1-2.  It 
is  easy  to  show  that  if  the  decrement  S  has  such  a  small  value  that  ^ 
is  unity,  then  we  must  have — 

E,      8, 

where  8^  is  the  radiation  decrement  and  8,  the  resistance  decrement. 
Taking  the  expression  for  8r  derived  from  Hertz's  formula  for  the 
radiation  per  half-period  (see  Chap.  V.  §  10),  and  expressing  the 
capacity  C  in  farads^  we  have — 

ev   _16^*/W 

where  w  =  3  x  10*^ 

Also,  since  the  resistance  decrement  is  given  by— 

where  r  is  the  spark  resistance  in  ohms  and  L  is  the  circuit  induct- 
ance in  henrys,  we  have,  by  division,  remembering  that  4w^CLn*  =  1 — 

8,-^    Srr'lhi 
8,      3rX« .  10» 

But  the  above  formula  is  Planck's  (36),  and  differs  only  from  (42) 
by  the  absence  of  the  factor  c*.     Hence  generally — 


E.      8.  Q(hr\fiy  ^^_^ 


where  8  is  the  total  decrement. 

We  may  apply  this  last  formula  (43)  to  calculate  the  radiatire 
ejficumcy  of  a  Marconi  aerial  radiator  having  the  form  of  a  simple  wire  of 
length  I  and  a  total  decrement  8  =  0*2,  which  would  be  the  case  if 
the  spark  had  a  length,  say,  of  5  mms.,  and  therefore  a  resistance  of 
about  5  ohms.  Under  these  conditions  c*  =  1*22  nearly  and  r  =  5. 
Then,  since  the  wave  lengths  X  of  the  radiated  wave  would  be 
rather  more  than  four  times  the  length  /  of  the  radiator,  we  have 
approximately — 

Er 

and  we  may  say  that  the  energy  radiated  is  12  times  that  dissipated 
in  the  spark,  or  the  efficiency  of  radiation  is  neai'ly  90  per  cent. 
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9.  Free  and  Forced  Osoillations.  Resonanoe.— In  all  depart- 
ments of  physics  in  which  we  are  concerned  with  vibrating  bodies  or 
systems  of  any  kind,  we  find  ourselves  confronted  with  a  phenomenon 
which  is  generally  described  by  the  term  resonance.  This  term  was 
originally  coined  in  connection  with  certain  effects  noticed  in  acoustics, 
but  its  real  origin  being  dynamical,  it  has  been  generaUzed  and 
extended. 

In  its  simplest  form  it  can  be  exemplified  by  an  experiment  due  to 
Professor  H.  A.  Rowland."  Let  a  wooden  lath  (see  Pig. 
13)  be  provided  at  the  bottom  with  a  weight,  and  let  it 
be  suspended  at  the  top  so  as  to  be  capable  of  vibrating 
like  a  pendulum  in  one  plane.  It  is  then  said  to  have 
one  degree  of  freedom.  At  a  point  just  below  the  point 
of  suspension  let  a  steel  pin  be  placed  through  the  rod, 
so  as  to  project  out  at  right  angles  to  the  rod  and  the 
plane  of  oscillation.  When  the  rod  vibrates,  this  pin 
makes  small  excursions  to  and  fro.  Provide  a  number 
of  strings  with  bullets  at  the  bottom  and  a  loop  formed 
in  the  string  at  the  other  end,  by  which  to  hang  there 
simple  pendulums  on  the  pin  of  the  master  pendulum. 
Let  these  strings  be  of  such  length  that  one  of  the  pen- 
dulums is  equal  in  length  to  the  master,  one  is  one-third 
the  length,  one  is  a  quarter,  and  one  is  an  odd  length, 
no  exact  fraction.  If  then  the  master  pendulum  is  set 
in  vibration  and  any  of  the  simple  pendulums  be  suc- 
cessively himg  on  the  pin,  these  last  will  be  set  in 
sympathetic  vibration  if  its  natural  time  period  T,  ex- 
pressed by  r  =  ^tta/  -  where  I  is  the  length  of  the 

string  and  g  is  the  acceleration  of  gravity,  is  equal  to 
that  of  the  master  pendulum  to  some  exact  submultiple 
of  it.  Otherwise  the  simple  pendulum  will  not  be  set  in 
motion  by  the  other. 

The  time  period  for  small  swings  of  the  master  pendulum  is  given 
by  the  expression — 

(44) 


Fio.     13.  — 
Bowland*s 
Syntonic 
Pendulums. 


'=Vl 


where  I  is  the  moment  of  inertia  of  the  mass,  and  K  is  the  quotient  of 
the  torque  required  to  produce  a  small  angular  displacement,  0,  by  the 
angle  6.  The  proof  of  the  above  formula  is  simple.  If  we  neglect  all 
sources  of  energy  dissipation  such  as  friction,  we  may  say  that  the 
restoring  torque  K^  is  proportional  to  the  product  of  the  moment  of 
inertia  round  the  axis  of  rotation  and  to  the  angular  acceleration. 
Accordingly — 

(45) 


The  left-hand  quantity  has  the  minus  sign  because  the  displacement 
»•  See  H.  A.  Rowland,  "  Collected  Physical  Papers,"  p.  29. 
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is  assumed  to  decrease  with   the  time.      Hence   the  equation  of 
motion  is — 

(PS 
I^^Vk^  =  0 (46) 

A  particular  solution  of  the  above  equation  is — 

e=:AQmpt (47) 

Since  sin  fit  =  sin  (j8^  +  2ir)  =  sin  /8  ( ^  +  -g  ),  it  follows  that  -a 

is  equal  to  the  periodic  time  of  the  motion,  because  after  the  lapse  of 
a  time  T  the  displacement  repeats  itself.     Hence — 

^^=T,or^^  =  ^ (48) 

By  differentiating  (47)  and  substituting  it  in  the  original  equation 
(46),  we  find  that  p  =  ^  j  .     Hence  we  have   - 


-Vi 


If,  then,  exceedingly  small  impulses  act  on  the  system,  at  intervals 
exactly  equal  to  its  free  periodic  time,  each  one  of  these  impulses  acts 
to  increase  the  effect  of  the  last,  and  very  large  oscillations  may  be 
accumulated  by  extremely  small  individual  impulses. 

This  fact  can  be  illustrated  by  a  number  of  simple  instances. 
Stretch  a  string  somewhat  loosely  between  two  fixed  supports,  and 
attach  to  it  two  simple  pendulums.  Set  one  of  these  in  vibration  in 
a  plane  perpendicular  to  the  vertical  plane  which  contains  the  stretched 
string.  It  will  communicate  small  impulses  to  the  loose  support  and 
through  it  to  the  other  pendulum,  which  will  thereby  be  set  in  motion 
(see  Fig.  14).  Since,  however,  action  and  reaction  are  equal  and 
opposite,  the  first  pendulum  is  brought  gradually  to  rest  as  it  com- 
municates its  motion  to  the  second.  Then  the  second  conveys  back 
the  energy  to  the  first,  and  so  the  pendulums  continue  to  set  each 
other  in  motion  and  transfer  the  energy  of  motion  from  one  to  the 
other. 

The  general  dynamical  principle  that  any  system  capable  of  being 
set  in  vibration  can  have  large  oscillations  created  in  it  by  infinitely 
small  impulses  coming  at  inter\'als  equal  to  its  own  free  period  of 
vibration  has  extensive  application. 

It  is  not  only  applicable  to  ca^es  of  mechanical  motion,  but  to 
electrical  systems  of  conductor's  possessing  capacity  and  inductance 
disturbed  by  electromotive  force.  If  there  be  any  case  in  which  a 
system  has  potential  energy  w^hen  disturbed,  and  is  subject  to  such 
constraints  that  its  potential  energy  is  increased  by  a  displacement,  it 
will,  if  left  to  itself,  tend  to  go  back  to  the  condition  of  minimum 
potential  energy,  and  in  so  doing  will  overshoot  the  mark.  The 
acquired  kinetic  energy  is  then  retiu*ned  to  the  potential  form,  and  a 
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vibrational  condition  is  set  up  in  which  energy  is  continually  trans- 
formed from  potential  to  kinetic  and  vice  versa  at  each  transformation, 
some  of  the  kinetic  being  dissipated  as  heat. 

We  have  already  seen  that  an  inductance,  L,  in  series  with  a 
capacity,  C,  constitutes  an  electrical  system  having  one  degree  of 
freedom.  An  electromotive  force  acting  on  it  causes  an  increase  in 
the  potential  energy,  and  if  the  system  is  then  abandoned  to  itself  it 
will  execute  electrical  oscillations,  the  time  period  T  of  which  is  given 
by  the  formula — 

r=27rVCL (49) 

If,  then,  small  electromotive  forces  act  on  the  system  at  regular 
intervals  they  will  increase  continually  this  potential  energy,  provided 
that  their  time  period  agrees  very  exactly  with  that  of  the  circuit.  A 
very  little  difference,  however,  is  sufficient  to  prevent  the  cumulative 
effect. 


Fig.  14.— a  Pair  of  Coupled  Pendulums. 

In  dealing  with  this  part  of  the  subject  we  shall  see  that  we  meet 
continually  with  the  product  VCL,  viz.  the  product  of  the  square 
root  of  the  capacity  of  a  condenser  and  the  inductance  of  a  coil 
placed  in  series  with  it.  It  is  convenient  to  call  this  product  the 
ascUkUion  constant  of  the  circuit. 

Again,  in  considering  the  separate  parts,  we  find  the  phenomena 

are  determined  by  the  quantities  hp  or  2imL  and  p-  or  ^     q,  where 

n  is  the  frequency.     The  quantity  hp  is  now  called  the  reactance  of 
the  inductive  circuit,  and  the  author  has  employed  the  term  captan/:e 

to  signify  the  quantity  -- 
Op 

The  quantity  p  =  27m,  or  the  number  of  oscillations  in  27r  seconds, 
is  conveniently  called  the  oscillation  number. 

The  reactance  and  captance  are  quantities  of  the  dimensions  of 
resistance,  and  may  be  measured  in  ohms.  Hence,  if  there  be  a 
circuit  consisting  of  a  condenser  and  inductance  in  series,  which  is 
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submitted  to  simple  periodic  or  sinoidal  electromotive  force,  the 
current  in  the  circuit  creates  two  electromotive  forces,  one  of  which 
opposes  and  the  other  helps  change  of  current.  If  /  is  the  maximum 
value  of  the  current,  then  Lpl  is  the  maximum  value  of  the  counter- 

electromotive  force  due  to  reactance  or  inductance,  and  w-  is  the 

maximum  value  of  the  adjuvant  electromotive  force  due  to  captance 
or  capacity.  The  vector  equation  connecting  current  /  and  impressed 
electromotive  force  E  (maximum  values  being  understood)  is — 

E  =  R/+;(lp/-~) (60) 

where  j  stands  for  the  sign  of  perpendicularity,  or  that  the  vector 

rbpl  -  —  j  is  at  right  angles  to  that  denoted  by  B/.     Accordingly, 

the  impressed  electromotive  force  must  have  components  which  have 
a  vector  sum  equal  to  that  of  the  several  electromotive  forces  acting 
against  or  with  it.  Hence,  by  the  ordinary  rules  for  obtaining  the 
size  of  vectors  expressed  by  complex  quantities,  we  have — ^ 


where   (E)  and  (/)  denote  the  mere  numerical  values  of  E  and  /. 
Accordingly,  if  we  keep  E,  n,  and  E  constant,  and  vary  L  and  C,  the 

current  /  will  have  a  maximum  value  when  Lp  =  p-,  or  when  the 

reactance  is  equal  to  the  captance,  or  when — 

hCp^  =  1 (62) 

The  above  is  the  condition  for  resonance  in  a  single  circuit. 

If  we  attempt  to  test  the  above  formula  by  placing  a  condenser  of 
variable  capacity  across  the  terminals  of  an  alternator,  we  are  met 
with  the  difficulty  that  change  in  the  capacity  alters  ^the  phase 
difference  of  the  current  and  electromotive  force  of  the  alternator,  and 
therefore  affects  its  excitation.® 

In  this  case  the  result  found  is  a  mixed  effect.  Nevertheless,  the 
measurement  of  the  current  shows  that  as  the  capacity  or  inductance 
are  varied,  the  current  tends  to  a  maximum  value,  which  it  reaches 
when  the  condition  is  fulfilled.  Under  these  conditions,  the  inductive 
circuit  in  series  with  a  capacity  acts  as  if  it  were  perfectly  non- 
inductive,  and  the  current  has  the  value  it  would  have  if  a  non-induc- 
tive resistance  equal  to  the  resistance  of  the  inductive  circuit  was 
substituted  for  the  capacity  and  inductance  employed. 

"  For  a  short  explanation  of  the  method  of  dealing  with  alternating  current 
problems  by  means  of  these  complex  or  vector  expressions,  the  reader  is  referred 
to  the  next  section  of  this  chapter. 

«•  See  J.  A.  Fleming,  "The  Alternate  Current  Transformer,"  vol.  ii.  p.  394, 
where  some  of  those  mixed  resonance  effects  in  the  case  of  alternators  and  trans- 
formers working  on  cables  having  capacity  are  discussed. 
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Hence,  if  we  plot  out  the  current  flowing  in  the  circuit  under 
constant  sinoidal  electromotive  force,  or  the  electromotive  force  corre- 
sponding to  constant  current,  when  the  capacity  or  inductance  are 
varied  we  have  a  curve  such  as  that  shown  in  Fig.  16,  which  rises 
sharply  to  a  maximum  value,  which  it  reaches  when  the  inductance, 
capacity,  and  frequency  are  so  related  that  LCp*  =  1.  When  we  are 
employing  high  frequency  electromotive  forces,  very  striking  effects 
can  be  produced  with  quite  small  inductances  and  capacities  placed 
in  series  with  each  other,  and  the  circuits  so  formed  are  remarkably 
responsive  to  exceedingly  small  periodic  electromotive  forces  which 
agree  in  period  with  the  natural  time  period  of  the  circuit  so  formed. 

To  obtain  these  cumulative  or  resonance  effects,  it  is  necessary, 
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Pio.  15.— Variation  of  Terminal  Voltage  with  Capacity  in  the  Case  of  a  Circuit 
having  Capacity  and  Inductance  when  acted  upon  hy  a  Periodic  Electro- 
motive Force. 


however,  to  employ  circuits  with  small  damping,  or  which  are  per- 
sistent oscillators.     We  can  illustrate  the  chief  facts,  as  follows : — 

Let  two  circuits,  P  and  S  (see  Fig.  16),  be  formed,  each  of  8  or  10 
turns  of  insulated  wire  wound  round  square  frames,  the  side  of  each 
frame  being  1  metre  in  length.  Let  one  circuit,  P,  have  a  Leyden  jar 
or  jars  and  spark  gap  associated  with  it,  so  as  to  form  an  oscillatory 
circuit.  Let  the  other  circuit,  S,  be  placed  at  some  little  distance, 
and  its  ends  joined  by  a  small  incandescent  lamp.  Then  if  oscillations 
be  produced  in  the  first  circuit  P  by  discharges  of  an  induction  coil,  I, 
and  if  the  second  circuit  be  placed  parallel  to  it  and  at  no  great 
distance,  oscillations  will  be  induced  in  this  second  circuit,  and  these, 
if  the  circuits  are  near  enough,  will  cause  the  small  glow  lamp  to  be 
illuminated. 

In  this  case  we  have  what  are  called  forced  oscillations  produced 
in  the  secondary  circuit.  If,  however,  we  cut  the  secondary  circuit 
8  and  introduce  a  cendenser  formed  of  a  Leyden  jar  or  jars,  we  can 
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arrange  such  a  capacity  that  the  secondary  circuit  has  the  same 
oscillation  constant  as  the  primary.    That  is,  for  each  circuit,  P  and  S, 


Fig.  16.— Production  of  Forced  Electric  Oscillations  in  a  Secondary  Circuit. 
I,  induction  coil ;  L,  L,  Leyden  jars ;  P,  primary  circuit ;  S,  secondary 
circuit ;  G,  incandescent  lamp. 

the  qjaantity  VCL,  where  C  is  the  capacity  and  L  the  inductance, 

has  the  same  value. 

When  this  is  done  we  find  that  the  inductive  effect  of  the  primaiy 

circuit  on  the  secondary  cir- 
cuit is  greatly  increased,  and 
that  we  can  put  the  secon- 
dary circuit  much  farther  off 
and  yet  hght  up  the  incan- 
descent lamp  in  it  to  the 
same  brilliancy.  This  in- 
creased effect  is  due  to  re- 
sonance. By  making  the 
oscillation  constant  of  the 
primary  and  secondary  cir- 
cuits the  same,  we  •  have 
*'  tuned,"  as  it  is  called,  the 
two  circuits  to  each  other, 
and  the  inductive  effects  are 
vastly  enhanced. 

We  can  in  a  similar  man- 
ner exhibit  the  effects  of 
resonance  in  connection  with 
open  circuits.  Let  a  spiral 
of  bare  copper  wire,  ML  (see 
Fig.  17),  be  wound  in  turns 
not  touching  each  other 
round  an  ebonite  or  wooden 


Fig.  17.— llcsonance  Helix. 


frame  or  cylinder.  An  oscillatory  circuit  is  then  formed  of  a  part,  L, 
of  this  helix,  and  a  condenser,  C,  and  spark  gap,  S,  excited  by  an 
induction  coil,  I,  as  usual.     The  point  of  contact  a  with  the  section 


DAMPING    AND   RESONANCE 


205 


of  the  spiral  circuit  which  lies  towards  the  middle  of  the  helix  must 
be  capable  of  being  shifted.  The  helix  is  then  divided  into  two 
unequal  parts,  one  part,  L,  is  being  employed  as  the  inductance  in  an 
oscillatory  circuit,  and  the  other,  M,  is  a  free  or  open  circuit  in  contact 
with  this  oscillatory  circuit.  If  we  set  up  oscillations,  and  shift  the 
point  of  contact  a  so  as  to  lengthen  or  shorten  the  free  part  of  the 
helix,  we  shall  find  such  a 
position  that  a  powerful  elec- 
tric brush,  E,  starts  from  the 
free  end  of  the  helix,  showing 
that  strong  electric  oscillations 
are  being  set  up  in  it.  This 
arrangement  is  much  used  for 
creating  high  frequency  elec- 
tric brush  discharges  as  used 
in  medical  work.  It  is  then 
known  as  an  Oudin  Eesonator 
(see  Fig.  18). 

The  above-described  phe- 
nomena are  called  resonance 
efifects,  and  two  electric  cir- 
cuits so  coupled  together  that 
oscillations  in  one  act  by  in- 
duction to  create  oscillations 
in  the  other,  constitute  an 
oscillation  transfoi'mer.  We  have, 
however,  in  this  preliminarj- 
description,  for  the  sake  of 
simphcity,  avoided  reference 
to  the  reaction  which  one 
circuit  exercises  on  the  other. 
We  cannot  define  more  pre- 
cisely what  we  mean  by  saying 
that  two  circuits  are  in  re- 
sonance with  each  other,  or 
tuned  together  or  syntonized, 
until  we  have  examined  a  Httle 
more  in  detail  what  really 
takes  place  in  such  cases. 

The  laws  governing  the 
action  of  oscillation  trans- 
formers when  very  high  fre- 
quency currents  are  employed 
differ  greatly  from  those  which 
hold  good  in  the  case  of  low 
frequency  alternating  current 

transformers.  For  example,  if  we  desire  to  make  a  step-up  trans- 
former for  raising  potential  when  employing  low  frequency  alternating 
currents,  we  should  construct  one  in  wliich  the  two  coils  had  a  very 
different  number  of  turns,  and  a  low  electromotive  force  applied  to 
the  terminals  of  the  coil  of  the  smaller  number  of  turns  would  be 
raised  in  value,  so  that  the  terminal  potential  difference  of  the  two 


Fig.  18. — Oudin  Resonator  for  creating  High 
Frequency  Electric  Brush  Discharges. 
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coils  would  be  almost  in  the  ratio  of  the  number  of  their  turns.  In 
the  case  of  high  frequency  oscillations,  the  ratio  of  transformation  of 
potential  is  not  in  the  proportion  of  the  number  of  turns  of  the  two 
circuits. 

Before,  however,  we  can  discuss  the  theory  of  oscillation  trans- 
formers, it  is  necessary  to  explain  briefly  the  simplest  analytical 
method  of  dealing  with  problems  in  alternating  currents. 

10.  The  Representation  of  Alternating  Currents  by  Complex 
Quantities. — The  study  of  alternating  current  phenomena,  and  there- 
fore also  of  electric  oscillations,  is  assisted  by  the  adoption  of  simple 
mathematical  methods  for  representing  the  quantities  with  which  we 
are  concerned.  The  usual  method  of  procedure  is  to  express  the 
instantaneous  value  of  a  periodic  current  or  electromotive  force  as  a 
function  of  the  maximum  value  during  the  phase,  and  of  the  time 
expressed  as  a  fraction  of  the  complete  periodic  time.  In  actual 
practice  we  are  chiefly  concerned,  however,  with  the  maximum  value, 
or  with  the  root-mean-square  value  (R.M.S.  value)  of  the  periodic 
quantity  during  the  period,  and  we  can  simplify  the  analytical  treat- 
ment if  we  can  avoid  introducing  the  symbol  for  time. 

The  R.M.S.  value  of  a  periodic  current  or  electromotive  force  is 
defined  as  follows : — 

Let  i  be  the  value,  say,  of  the  current  at  any  time,  /,  reckoned  from 
the  beginning  of  the  period,  and  let  T  be  the  periodic  time,  then  the 
R.M.S.  value,  J,  is  given  by  the  expression — 


=v^/: 


Hence,  if  the  quantity  %  varies  in  a  simple  harmonic  manner,  so  that — 

t  =  /  sin  ptf 
where  /  is  the  maximum  value,  then — 

We  can  always,  therefore,  determine  J  from  /  when  the  equation  to 
the  curve  is  given. 

All  we  need,  therefore,  in  discussing  problems  connected  with 
simple  periodic  currents,  is  to  represent  in  some  manner  the  phase  or 
direction  and  maximum  magnitude  of  the  current  or  electromotive  force. 
This  is  most  conveniently  done  by  means  of  complex  quantities. 
If  a  denotes  any  line  or  vector  of  given  length  drawn  horizontally 
and  to  the  right,  then  with  the  usual  convention  —a  will  denote  an 
equal  horizontal  line  to  the  left.  Again,  we  may  denote  a  Hne  of  the 
same  length  drawn  vertically  upwards  by^a,  and  a  line  of  the  same 
length  drawn  vertically  downwards  by  -^a.  The  quantity;  is  there- 
fore an  algebraic  sign  of  peiyendinilariiy.  Since,  as*  regards  direction, 
•]ra  bears  the  same  relation  to^ei  that 7a  bears  to  —a,  we  have — 

a  _  ja 
ja       -  (e 
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It  follows  that/  =  —  1  or;  =  V^,  andy  has  the  same  analytical 
signification  as  v'^,  viz.  when  applied  as  a  multiplier  or  operator  to 
a  vector  it  turns  it  through  a  right  angle. 

Hence  any  line  may  be  represented  as  the  vector  sum  of  two 
lines,  consisting  of  a  horizontal  of  a  units  in  length  and  a  vertical 
component  of  h  units  in  length.  The  proper  representation  of  it  is, 
therefore,  ±  a  ±jb.     The  length  or  size  of  this  line  is  Va^  +  V\ 

Quantities   of  the   form   a  +jb  are  called  complfx  qnaniitieii,  and 

^a*  +  P  is  called  the  nmluhis  of  a  +jh.     The  ratio  -  is  called  the 

slope  of  the  vector. 

Hence  Hues  or  vectors  may  be  drawn  from  any  point  to  represent 
the  maximum  values  of  simple  periodic  quantities.  The  elements  or 
steps  a  or  &  will  represent  the  instantaneous  values  of  these  quantities, 
and  their  moduh  will  represent  their  actual  measured  maximum  values, 
and  if  divided  by  V2  their  E.M.S.  values. 

These  complex  quantities  have  certain  properties,  the  chief  of 
which  may  here  be  briefly  mentioned.  We  shall  take  a  single  capital 
letter  to  represent  a  vector  as  a  vector,  and  the  same  letter  in  brackets 
to  represent  its  size. 

Thus  B  =  a  -\-jb  represents  a  t'ector,  and  (E)  =  ^a^  -f  b^  represents 
its  size. 

The  reader  should  note  and  verify  the  following  rules  for  dealing 
with  these  complex  quantities  and  their  moduli  or  size : — 

(i.)  Multiplication  by^  turns  a  vector  through  a  right  angle  in  a 
counter-clockwise  or  positive  direction  of  rotation. 

If  a+jb  IB  any  vector,  then  j  (a  +jb)  =  —  6  -f^a  is  a  vector  of  the 
same  size  at  right  angles  to  a  +jb, 

(ii.)  Multiplication  by  — y  turns  a  vector  through  a  right  angle  in 
the  clockwise  direction. 

If  a  +jb  is  any  vector,  then  — ^(a  +jb)  =  {b  —./a)  is  a  vector  of  the 
same  size  at  right  angles  negatively. 

(iii.)  If  we  denote  the  slope  of  the  vector  by  $,  then  -  =  tan  $,  and 

if  we  denote  the  size  of  the  vector  by  (A),  then  a  =  (A)  cos  0  and 
b  =  (A)  sin  6,     Therefore  A  =  (A)  (cos  0  +j  sin  0). 

The  quantity  (cos  $  +j  sin  0)  is  called  a  rotator-,  for  if  applied  to 
any  vector  it  rotates  it  through  an  angle  $  without  changing  its  size. 

Thus  we  can  easily  show,  by  multiplication  and  collection,  that 
the  size  of  the  vector  X,  where  X  =  (a+jb)(coH  $+j  sin  $), 
is  ^/a^~-fl\ 

It  is  the  same  as  the  size  of  the  vector  a+jb  =  A. 

The  vector  X,  however,  is  turned  through  an  angle  0  in  the 
positive  direction,  beyond  the  vector  A.  If  we  insert  in  the  operator 
(cos  0  +j  sin  0)  the  exponential  values  of  sine  and  cosine,  viz. — 

sin  0  = 2; (54) 

and    cos  0  =  —    ^^         (66) 
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we  have    cos  ^  4-;  sin  ^  =  c^'^ (56) 

Hence  ci^  and  c~^^  are  also  rotating  operators,  causing  rotation  of 
vectors  through  an  angle  0  in  the  positive  or  negative  direction  when 
applied  to  them. 

If  in  place  of  $  we  write  pt  where  t  signifies  time,  and;?  =  -^ ,  T'  being 

the  periodic  time,  we  see  that  A  (cos  pt  +j  sin  pt)  =  Ae^P^  signifies  a 
vector  of  length  (A)  contirmally  rotating  round  one  extremity  with  an 
angular  velocity  p. 

Additional  important  properties  of  complex  quantities  are  as 
follows : — 

(i.)  If  two  complexes  are  multiplied  together,  the  modulus  or  size 
of  their  product  is  the  product  of  their  separate  moduli  or  sizes.  Thus 
if  a  +jh  and  c  +jd  are  two  vectors,  their  sizes  are  Vo*  +  b^  and 
^/(^~+d^.     Also  (fl  +jbXc  +jd)  is  another  vector,  and  its  size  is 

This  is  easily  proved  by  multiplication  and  collection  of  terms. 

(ii.)  The  same  rule  may  be  extended  to  quotients,  powers,  and 
roots  of  complex  quantities.  Accordingly,  any  such  compound  com- 
plex quantity  as  ^  ,    -^Vg  +jf  may  be  written  out  in  the  canonical 

form  A  +jB,  and  its  size  VA"^  +  B^  determined. 

We  need  not,  however,  take  the  trouble  to  make  this  calculation, 
because  the  size  of  the  above  vector  can  be  written  down  at  once  by 
the  above  rule,  for  it  is  equal 


A/a^  +  fi     / 


Since  a  complex  quantity  represents  a  vector  or  line,  it  is  obvious 
that  if  two  complex  quantities  are  equal,  their  horizontal  and  vertical 
steps  or  real  and  unreal  parts  must  be  respectively  equal.     Thus,  if — 

a  +jh  =  r  +jd 

we  must  have  a  =  r  and  /;  =  d, 

A  process  continually  required  is  that  of  separating  a  complex 
quantity  into  its  real  and  unreal  parts.  Thus,  if  we  have  the 
complex  equation — 

we  can  separate  out  the  steps  as  follows :    Multiply  numerator  and 
denominator  by  c  —jd;  we  then  have— 

•  _L  7  _  «^^  —  ¥^  +  ofd  +  ehd  ,    .arf  -f  ehc  +  aed  —  hfd 

aec  -  hfc  +  afd  +  ehd 
Hence     t  =  —    —  *  «-  -  ,,  - 
r  +  d* 

and    /c e'-^-iP'" 
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The  above  rules  will  afford  the  reader  most  of  the  information 
necessary  to  follow  the  application  of  complex  quantities  to  the 
*  representation  of  simple  periodic  quantities. 

This  method  consists  in  representing  the  maximum  value  of  a 
simple  harmonic  electromotive  force  or  current  by  a  vector  denoted 
by  such  a  complex  as  a  -{-jb.     Then  we  fix  its  position  in  space 

because  the  slope  of  the  vector  is  such  that  -  =  tan  Oy  and  its  length 

or  size  by  Va*  +  i*.  An  expression  such  as  AciP*  represents  then  a 
rotating  vector  and  its  real  part,  viz.  A  cos  pt  represents  its  instan- 
taneous value  or  projection  on  a  certain  axis,  and  A  represents  the 
magnitude  or  size  of  its  maximum  value. 

In  connection  with  simple  period  quantities,  a  theorem  of  great 
utility  is  as  foUows :  If  A  sin  pt  represents  any  simple  harmonic 
quantity,  and  B  cos  pt  represents  another  of  different  amplitude  but 
the  same  frequency,  then  A  sin  pt  +  B  cos  pt  also  represents  a  simple 
periodic  quantity  of  amplitude  VA*  +  B=^,  but  differing  in  phase  from 

the  first,  viz.  A  empty  by  an  angle  <^,  such  that  tan  <f>  -  -r-    Hence, 

A  siapt  +  B  ooBpt=s  VA'  -f-  B^  sm  {pi  +  <^), 

To  prove  the  theorem,  square  both  sides,  and  since  sin  <^  =  -p=- ; 

and  cos  ^  =  -^        -  --^,  the  identity  is  evident. 

11.  Theory  of  Coupled  Oscillation  Cirouits  haYing  Capacity 
and  Inductance  in  Series. — Let  us  consider  two  circuits,  each 
having  inductance,  L,  capacity, 
G,  and  resistance,  B,  and  specify 
these  quantities  for  the  two  cir- 
cuits respectively  by  the  suffixes 
1  and  2.  We  shall  follow  first 
the  lines  of  investigation  in  an 
interesting  paper  by  A.  Ober- 
beck.*  Let  these  circuits  be 
placed  in  inductive  connection 
with  each  other  by  making  the 
inductance  in  each  circuit  one 
of  the  coils  of  an  oscillation 
transformer  (see  Fig.  19).  Let 
these  two  circuits  have  a  mutual 
inductance,  M. 

Let  oscillations  be  set  up  in  one  circuit.  It  is  required  to 
find  the  resulting  currents  in  the  two  circuits  and  potential  differ- 
ences of  the  condenser  plates,  due  to  the  mutual  reaction  of  the 
circuits. 

Let  %i  and  t.j  be  the  currents  at  any  instant,  and  i\  and  r^  the 
potential  differences  of  the  condenser  plates.  Then  we  have  the 
fundamental  equations —  , ; 

*•  See  A.  Oberbeck,  '*  Ueber  den  Verlauf  der  Electrischen  Schwingungen  bei 
den  TesU'schen  Versuchen,"  Wied.  Ann,  der  Physiky  1895,  vol.  55,  p.  623. 
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o 

Fig.  19.— Two  Coupled  Oscillation 
Circuits. 
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L.'J;  +  Mj^  +  E.t.  +  i>,  =  0     ....    (67) 

^f +  ^S  +  ^  +  ^'  =  «     ....    (68) 

dv  dv 

Also  we  have  the  relations  tj  =  Cq*  t,,  =  C^^*  .    .     .    .    (59) 

defining  the  currents  at  any  instant. 

Hence,  by  substitution,  we  have — 

LA^'  +  B.O.^  +  «;,  +  Mo4^»  =  0     ...    (60) 

I.O,^'  +  RA§  +  ..  +  MO.^  =  0     .    .    .    (61) 

To  solve  these  equations,  put  »,  =  eP*,  ■»,  =  qeP\  and  then — 

L,C,^«  +  R,Oj>  +  1  =  -qllO^ .    .         .    (62) 

3(L,0.jj»  +  B.0tf  +  l)=-M0,i>«  .    .    .    .    (63) 

If  we  eliminate  q  from  the  above  equations,  we  obtain  a  biquadratic 
equation  for  p,  viz. — 

t,*  4.  rA^  +^^'  4-  ..AC  +  L,Oi  +  B,B,C,C,         ^,0.  +  E^C, 
^  ^^ " L,L,  -  M? " "^ ^        C.Ca(L,L,  -  M»)       "^ ■'^CO^LiL,  - "M» ) 

+  C,C«L,i^TiI.)  =  '' (") 

The  roots  of  this  biquadratic  may  be  expressed  as  complex  quan- 
tities ;  let  them  be  denoted  by — 

'Ps=-y+jv  P4=-y-Jv         • 

where  y  stands  for  V  —  1. 

In  aU  cases  where  we  are  dealing  with  high  frequency  currents 
the  reactance  ph  so  greatly  exceeds  the  resistance  E  of  a  circuit  that 
we  may  in  practice  neglect  the  resistance.  Hence,  cutting  out  the  B^ 
and  Ka  in  the  above  biquadratic,  it  reduces  to — 

;/  -L  ;;2       ^,0,  -f  L-A  , 1  _  _     .  =  Q        .        (66) 

^    ^  ^  C,C,(L,L.,  -  M2)  ^  CjC^LiL,  -  M)^  ^    ^ 

The  solution  of  the  above  equation  (66)  is — 


P=  ±  JK  /(^»^»  +  ^«^)  +  '^CCiL,  -  CA)^ +'^4CAM«      (67) 


2C,C.XL,L,  -  W) 
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If  we  call  the  roots  of  the  above  biquadratic  (66) — 

and  if  we  write  t-^  for  CiLj,  .  *%  for  Cjlt,,  and  ^-^  for  M^Cfi^,  we 
can  transform  the  solution  of  (66)  into — 

P       -^  \  2T{'1\*  -  26/*  /  ^^ 

'^      ^    I  2T;'T,'  -  2^-*  ]     •    •    ^^^^ 

It  is  obvious  that  T,  and  Ti  are  the  separate  and  independent 
periodic  times  of  the  two  circuits  when  they  are  far  removed  from 
each  other.  Also  it  is  clear  that  p  and  -q  are  quantities  which  are  the 
reciprocals  of  times,  and  as  they  are  roots  of  the  biquadratic  they  are 
the  reciprocals  of  the  times  of  oscillations  of  the  current  in  the  circuits 
when  these  are  inductively  coupled.     If  we  write — 

r  for  "^"^  and  r  for  ^5 
P  V 

then  it  is  clear  that — 

A^  t;'  +  7;^  -  V(r,=*  -  i\j  4-  4>  *    •    •    ^   ^ 

Hence  in  the  compound  or  inductively  coupled  circuit  fuv  oacillatkms 
are  set  up,  dififering  from  each  other  in  frequency,  and  differing  also 
in  frequency  from  the  two  separate  individual  frequencies  of  the  two 
circuits. 

T  and  T"  are  the  periodic  times  of  these  two  oscillations,  whilst 
J,  and  T'j  are  the  periodic  times  of  the  two  circuits  individually  when 
far  removed  from  each  other. 

Two  cases  of  interest  then  present  themselvesr- 

I.  Let  Ti  =  7  2,  that  is,  let  the  two  circuits  have  the  same  individual 
time  periods.  This  is  the  case  of  resonance.  The  two  circuits  are 
separately  tuned  to  the  same  frequency.  If  in  equations  (70)  and  (71) 
we  put  Ti  =  Ti=  r,  we  have— 


Hence,  in  this  case  the  combined  or  inductively  coupled  circuits 
have  set  up  in  them  a  complex  oscillation  having  two  periods— one 
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greater  and  one  less  than  the  common  and  separate  period.  These 
two  periods  coexisting  in  the  coupled  circuit,  produce  an  effect  like 
beats  in  music,  and  we  may  say  that  the  result  of  inductively  uniting 
two  circuits  timed  to  the  same  electrical  frequency  is  to  produce 
electrical  beats  in  the  coupled  circuits.  The  currents  or  voltage, 
therefore,  in  the  circuit  rise  and  fall  as  shown  in  the  curves  in  Fig.  26. 

.        M      . 

If  the  circuits  are  closeli/  coupled ^  that  is,  if  the  quantity  -y  p=-  is  near 

to  unity,  or,  say,  greater  than  0-6,  then  $  will  be  a  sensible  fraction  of 

r,  and  T'  and  T"  will  differ  considerably  from  T  in  value.   If,  however, 

M 
the  circuits  are  very  loosely  coupled^  so  that     .       -  is  small,  which  is  the 

case  when  the  mutual  inductance  M  is  small,  then  6  is  small  and  T 
and  V  approximate  to  each  other  and  to  T  in  valne. 

II.  Suppose  that  the  circuits  have  different  independent  time 
periods,  but  are  so  closely  coupled  that  in  the  original  equation  (66) 
the  coefl&cient  of  p*  is  zero,  then  we  have  as  the  solution  for  p  the 
equation — 


'=±V, 


CA  +  CA 


Hence,  as  before- 


or    r  =  -J'Tf+'T^^    . 


(73) 


(74) 


In  this  case  the  coupled  circuit  has  one  common  periodic  time, 
which  is  the  square  root  of  the  sum  of  the  squares  of  the  periodic 
times  of  the  individual  circuits  when  far  removed. 

These  two  cases  can  be  represented  geometrically,  as  follows : — 

I.  The  case  of  resonant  coupled  circuits. 


Fig.  20. 


Take  a  line  OA  (see  Fig.  20)  to  represent  the  common  time  period 
T  of  the  two  circuits,  and  on  it  as  a  diameter  describe  a  semicircle. 
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With  A  as  centre  describe  another  circle,  the  radius  of  which  to  the  same 
scale  represents  the  time  0,  From  O  draw  OC  to  pass  through  the 
intersection  point  C  of  the  two  circles.  Also  draw  OD  to  pass  through 
D,  AD  being  at  right  angles  to  OA.  Then  it  is  obvious,  if  OA  =  7' 
and  AD  =  AC  =  ^,thatOC  =  Vr^  -  ^  =  r  andOD  =  VT^  +^=r', 
and  hence  OC  and  OD  represent  the  resultant  frequencies  in  the 
coupled  circuit.     Also  we  see  that — 

r=:j(r^  +  r'«) (75) 

II.  The  case  of  perfectly  coupled  circuits. 

Take  a  line  OA  to  represent  the  independent  time  period  7\  of  one 
circuit,  and  a  line  AB  at  right  angles  to  represent  to  the  same  scale 
the  independent  time  period  T^  of  the  other  circuit.  Then  the  hne  OB 
will  represent  the  resultant  time  period  fJT^-^-T^  of  the  closely 
coupled  circuits,  or — 

r^'^T^  +  T.^ (76) 

Let  us  then  determine  in  the  next  place  the  transformation  ratio  of 
an  oscillation  transformer  connecting  two  circuits  having  inductance 
and  capacity.  We  shall  assume  the  resistances,  and  therefore  the 
damping  of  the  two  circuits,  to  be  neghgible,  and  we  may  then  write 
the  equations  for  the  condenser  terminal  potentials  r,  and  ?',  as 
follows : — 

LiCii'i  +  MCai;  +  ^1  =  0 (77) 

LaCJ'a  +  MCi-r,  -I-  t'a  =  0 (78) 

where  v  is  written  for    -  . 

By  dififerentiating  these  equations  twice,  we  can  separate  the 
variables  and  arrive  at  the  equation — 

'*^CA(LiL,-M»)'^  +  C,Ca(LiLa-M2)-"    •     ^^^^ 

and  a  similar  equation  for  rj,  in  which  v^  stands  for  -^./. 
The  solution  of  these  equations  is  of  the  form — 

i\  =  Aj  cos  )3/  +  Bj  cos  17/ (80) 

?'2  =  A5  cos  pt  -I-  Bj  cos  17/ (81) 

where  —  ^  and  -^rf  are  the  roots  of  the  quadratic  equation — 

^  C,C,(L,L,  ~  W)     ^  C,C,(LA  -  M-^) 
Obviously,  then,  we  have — 
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From  (80)  and  (81)  find  the  values  of  r,  and  v^  and  substitute  in 
the  original  equations  (77)  and  (78),  and  we  find  that — 


As      1  -  ^L,C, 
B,      l-^L.C,  j 


(85) 


Let  Vj  be  the  maximum  potential  difference  of  the  plates  of  the 
primary  condenser,  viz.  the  discharge  potential.  Hence,  when 
/  =  0,  Vi  =  Vi  and  v^  =  0.  Let  Vj  be  the  maximum  potential  dijBFer- 
ence  of  the  plates  of  the  secondary  condenser.  Then  we  have  at  the 
instant  t  =  0 — 

A,  +  B,  =  V, 
A.  +  B,  =  0 

A  B 

For  shortness,  put  .  *  =  fli  and  — ^  =  cu^.     Then  it  is  obvious  that — 

A   =  -Ti"'^  B,  =  -  -^^^J 

fla  ■"  "i  ^a  —  ^i 

^  ^  JV>.,a,  Bo  =  -  ^'^'^'' 

a^  —  a,  '  fl«  —  «i 

The  solution  of  (77)  and  (78)  is  then— 

V 

I'l  =  ^      («._,  cos  )3/  —  fli  COS  rff)   .      ,      .      (86) 

'^-^^^^(^^^P^-^^vf)     ....    (87) 
and    V,  =  V,   ''*-'^        (88) 

In  this  last  expression  insert  the  proper  values  of  a,  and  a^  from 
(86),  and  we  have — 

V=V  ^^^_ rftQ^ 

'V(LA  -  I^A)' +  4M*CA     •    *    •    ^^ 

Accordingly,  when  the  circuits  are  syntonized,  that  is,  when 
CjL,  =  C2L2,  we  have — 

2v^C., 
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Hence,  the  transformation  ratio  in  this  case  depends  only  on  the 
relative  capacity  of  the  condensers  in  the  primary  and  secondary 
circuits. 

We  have  then  for  the  potential  difference  ?',  of  the  terminals  of  the 
secondary  condenser  at  any  instant  the  expression — 

r,  =  V,  '/^^l-(cos  pt  -  cos  Yfi)    .     .     .     .     (90) 

and  for  the  secondary  current  i^  the  equation — 

tg  =  ^\^/GfiJ[r)  sin  rjf  -  fi  sin  fif) 

From  (82)  and  (84)  it  can  be  shown  that  when  the  cu-cuits  are 

1  2ir 

syntonized  so  that  CiL,  =  C^L^  =  CL  =    a,  where     -  is  the  natural 

time  period  of  each  circuit,  we  have — 

,  =  ^_^..a,  =  ^    ....  (91) 

where  k  =  _-.-_ 

Accordingly,  the  secondary  current  t,  is  then  the  sum  of  two  currents 
of  different  frequency  and  amplitude,  for — 

i,  =  YvCA/T^-y  sin  -7/—,/  -  ZWCST^-JL.-   sin  -r^r-^r* 
2        ^Vl-*        Vl-/;        2        'Vl+^         Vl+k 

The  oscillation  of  greatest  frequency  has  also  the  greatest  amphtude. 
If  the  circuits  are  not  syntonized,  then — 

And  if  /{•  =  1  or  M  =  VLjI^.  *b©  above  becomes — 

The  second  term  on  the  right-hand  side  may  in  some  cases  be  negli- 
gible compared  with  the  first,  and  then  if  Nj  and  Nj  are  the  numbers 
of  turns  on  the  primary  and  secondary  circuits  of  the  oscillation  trans- 
former, we  have — 

hi' '  • ^«*) 

We  see,  therefore,  that  in  the  case  of  the  oscillation  transformer, 
with  its  two  circuits  loosely  coupled  and  tuned  in  resonance,  the 
damping  being  negligible,  the  ratio  of  transformation  is  determined 
solely  by  the  capacities  in  the  two  circuits ;  whereas  when  the  circuits 
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are  not  tuned,  but  closely  coupled,  the  ratio  is  determined  by  the 
relative  number  of  turns  on  the  two  circuits. 

The  discussion  of  the  more  general  case  in  which  the  damping  of 
the  two  cu-cuits  is  not  negligible  leads  to  greater  analytical  difficul- 
ties, and  is  dealt  with  in  the  subsequent  sections. 

Accordingly,  the  design  of  an  oscillation  transformer  to  transform 
high  frequency  currents  is  based  on  very  dijBFerent  facts  to  the  design 
of  low  frequency  transformers.  In  the  latter  case  the  transformer 
changes  terminal  voltage  almost  in  the  ratio  of  the  numbers  of  turns 
on  the  two  circuits.  In  the  former  case,  if  the  circuits  are  of  equal 
time  period  separately,  the  change  ratio  depends  solely  on  the  capacities 
in  the  two  circuits. 

By  making  the  primary  capacity  sufficiently  large  compared  with 
the  secondary  capacity,  we  can  increase  in  the  same  proportion  the 
terminal  voltages  of  the  two  condensers.  In  this  case  there  are  two 
periods  of  oscillation  in  the  coupled  circuit,  the  mean  of  the  squares  of 
the  two  periodic  times  being  equal  to  the  square  of  the  common  time 
period.  The  two  may,  however,  become  equal  when  the  coupHng 
is  sufficiently  loose. 

The  other  case  of  a  pair  of  closely  coupled  circuits,  with  dijBFerent 
time  periods,  presents  us  with  an  instance  of  forced  oscillations.  The 
single  resultant  forced  time  period  has  a  square  equal  to  the  sum  of 
the  squares  of  the  time  periods  of  the  two  circuits  separately. 

Following  the  investigation  of  Oberbeck  (Joe.  ciL),  we  may  give 
a  numerical  example  which  will  illustrate  the  foregoing. 

Let  there  be  two  coupled  circuits  having  capacity,  inductance,  and 
mutual  inductance. 

Let  Lj  =  1000  cmis.,  L,,  =  25,000  cms.,  M  =  3000  cms. ;  also  let 
C,  =  0-001  mfd.  =  10-^«  electromagnetic  units,  and  let  Cg  =  000004 
mfd.  =  0*04  X  10~^*  electromagnetic  units. 

Then     LiC  =  LA  =  10'" 
Therefore     T,  =  T^  =  ^ir'Jljfi,  =  T 

or    ^  =  ^^1-0 


Also    ^  =  4ir=M VOA  = -S 


10^^ 
Accordingly    T  =  27r  A  and  T'  =  27r- ^ 

10*  n  10" 

Hence  the  two  frequencies  n^  and  n^  are  'h  =  og;T32  ^^^  ^'~  12*566* 

IQS 

whilst  the  common  frequency  =  t^o  =  iq^Ia*   ^^^   ^^^^  being  the 

frequency  which  would  exist  in  each  circuit  if  they  were  separate  and 
far  apart. 

It  is  important  that  the  reader  should  fully  understand  the  reason 
for  the  appearance  of  these  two  oscillations  of  different  frequencies 
in  syntonic  coupled  isochronous  circuits.  An  assistance  may  be 
obtained  by  referring  again  to  the  experiment  with  the  two  equal 
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pendulums  hung  on  a  loose  string,  to  which  reference  was  made  in 
I  9  of  this  chapter. 

Consider,  then,  the  case  of  these  two  equal  pendulums.  Each  has 
the  same  time  period  when  vibrating  alone.  If,  however,  they  are 
hung  side  by  side  on  a  loose  string,  we  have  seen  that  when  one 
pendulum  is  set  in  motion  it  imparts  its  motion  to  the  other  little 
by  little,  and  in  so  doing  brings  itself  to  rest.  Then  the  second 
pendulum  in  turn  gives  back  its  motion  to  the  first,  and  so  on.  It 
is  clear,  then,  that  when  either  of  the  two  pendulums  is  the  driven 
pendulum,  it  must  have  its  natural  period  of  vibration  increased, 
because  it  is  being  accelerated;  whereas  when  it  is  the  driving 
pendulum  it  must  have  its  natural  period  of  vibration  reduced,  because 
it  is  being  retarded.  Hence,  in  the  compound  system,  two  rates  of 
oscillation  must  be  present,  one  greater  and  one  less  than  the  natural 
equal  common  period  of  the  two  pendulums  separately. 

The  same  thing  happens  with  two  tuning-forks,  and  also  with  two 
isochronous  coupled  electric  oscillatory  circuits.  In  this  last  case, 
owing  to  the  mutual  inductance,  adjuvant  and  counter-electromotive 
forces  are  alternately  introduced  into  each  circuit,  which  create  the 
two  frequencies  of  oscillation  theoretically  and  experimentally  found. 

12.  The  Damping  in  Coupled  Cirouits.— Oberbeck  shows  {lor. 
rit.)  how  to  calculate  the  damping  in  each  of  the  two  coupled  circuits 
forming  an  oscillation  transformer  when  the  resistances  are  not 
neghgible.  On  referring  to  equation  (64)  in  §  6,  we  see  the  value  of 
p  is  given  by  an  equation  of  the  fourth  degree  of  the  form — 

P^+fp^-^ffP^  +  hp^+^^=^0      ....     (95) 
The  roots  of  this  equation  are — 

(-a-i-;i3),   (-a -7)3),   (-r+M  (-r-;i7) 

Let  a  be  small  compared  with  p,  and  y  small  compared  with  rj^  as 
is  always  the  case  in  practice.     Then  Oberbeck  proves  that — 


a  = 


^/^"h  ^-JV-A 


2"(2^»  -  gy  '      2(V  -  9) 


y=o;L^^^     •     •     •     (96) 


M 
Let  the  coefficient  of  coupling  =  -^    -     be  denoted  by  k,  and  let 

us  consider  the  case  in  which  LiCj  =  LjCs.     Then  if  R,  and  Rg  are  the 
resistances  of  the  two  circuits,  Oberbeck  shows  that — 

^   I  5?  ??  -I-  ?? 

Hence  the  two  oscillations  resulting  in  the  coupled  circuits  of 
equal  separate  period  are  differently  damped.  One  is  more  damped 
and  the  other  less  damped  than  the  mean  of  the  damping  in  the  two 
separate  circuits. 
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If  we  write  a,  for  gf-  and  oj  for  ^y-,  then  we  have — 

(1  +  ^>  =  i(ai  +  a,) 

a-%=i(ai+a,) (98) 

We  see,  therefore,  that  if  ^  =  0,  a  =  y  =  i^a^  +  oa),  but  if  k  is  not  zero 
then  we  have  a  <  y. 

18.  General  Theory  of  Resonanoe. — When  two  cirouits  having 
inductance,  resistance,  and  capacity  are  inductively  connected  to- 
gether, we  are  then  presented  with  a  unique  case  to  consider  if  their 
natural  time  periods  of  oscillation  when  separate  are  the  same. 
Oscillations  in  one  circuit  then  create  a  strong  response  in  the  other 
coupled  circuit.  In  practice  we  find  that  this  syntony  or  agreement 
between  the  time  periods  of  the  two  circuits  must  be  very  exact  if  the 
phenomenon  of  resonance  is  to  take  place.  Hence  any  treatment  of 
the  subject  would  be  incomplete  which  did  not  include  an  examination 
of  the  manner  in  which  a  departure  from  equality  in  the  free  time 
periods  of  the  two  circuits  aflFects  the  result.  We  shall  first  consider 
the  case  of  a  secondary  circuit  which  has  an  induced  electromotive 
force  created  in  it  by  a  sustained  Cfv  continnmts  simple  periodic  current 
in  an  adjacent  primary  circuit.  Let  C  be  the  capacity  in  the  secondary 
circuit,  L  the  inductance,  and  B  the  resistance.  Let  the  current  in 
the  cux5uit  at  any  time,  t,  be  denoted  by  i,  and  the  potential  diflference 

E 

of  the  terminals  of  the  condenser  by  v.     Let  the  damping  factor  - 

be  denoted  by  a,  and  the  logarithmic  decrement  by  8. 

The  condenser  circuit  has  a  natural  time  period  of  oscillation  n^ 
which  is  determined  by  the  equation — 

2irV  LC      4L» 

E 
Hence,  if  ^  =  2im^  and  a  =  ^,  we  have — 

fC=-P'  +  "' (99) 

The  diflFerential  equation  for  the  current  in  the  condenser  circuit  is — 

L|  +  Ei  +  ?'  =  g (100) 

where  c  =  E  sin  qt  is  the  simple  harmonic  electromotive  force  acting 

in  the  secondary  circuit  due  to  the  action  of  the  current  in  primary 

circuit  having  a  frequency  %  such  that  2imi  =  q, 

dv 
Again,  i  =  C  . .,  and  therefore,  by  substitution  in  (100),  we  have — 

CL'^ -I- CR'^^  +  r  =  E  sin  7/   ....     (101) 
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To  solve  this  last  equation,  differentiate  it  twice  with  respect  to  /, 
and  eliminate  sin  qt  with  the  aid  of  the  original  equation.  We  have 
then  — 

%  +  ^-%  +  (/  +  <  -  d%  -  %'4l  -  '^^  +  ''')^'  =  ^   ^102 

The  auxiliary  biquadratic  of  the  above  (see  Boole's  "Differential 
Equations,"  p.  194)  is  (m^  -  (f^iir'  +  ^am  +  /  +  a«)  =  0,  and  the 
roots  of  this  equation  are — 

7«  =  +  V  —  1  5^ 
/??=— a+V— 1/> 

Hence  the  solution  of  (101)  is — 

f ?  =  P  sin  qt  +  Q  cos  qt  +  Ac^"*  sin  pt  +  Bc^**  cos  jtt 
or    r  =  V  sin  0?^  -  <^)  +  V'c-**' sin  (p/ -  tf)     ....     (103) 

where  P,  Q,  A,  and^B  are  some  constants  such  that  V  =  -v^P^^^Q^ 
andV'=  VA3+TB». 

This  last  solution  indicates  that  the  current  in  the  secondary 
circuit  consists  of  two  superimposed  oscillations. 

(i.)  A  forced  oscillation  of  amplitude  V,  which  is  imdamped  and 
has  a  frequency  n^  identical  with  that  of  the  applied  electromotive 
force. 

(ii.)  A  free  natural  o.^cUlatumf  having  an  initial  maximum  value 
V,  which  is  damped,  and  therefore  dies  out  before  long,  leaving  only 
the  forced  oscillation  to  persist. 

If  we  differentiate  (103)  twice,  and  substitute  tbe  results  in  the 
original  equation  (101),  we  can  neglect  those  terms  which  have  a 
factor  €"*^,  as  they  die  away  after  a  short  time,  and  we  are  then  left 
with  the  equation — 

E 

^Y^  sin  qt  =  V(/)«  -  q^  +  a*)  sin  (qt  -  <f>)  +  V%a  cos  (qt  -  <^) 

or     ^  sin  qt  =  VV(i?^  -  !?^  +  a^)'  H"  (%a)^  sin  (^/  -  <A  -  ^) 
Hence    V  = -— ^  t  ^'  _.  _ .E,     .     .     .     (104) 

and  since  the  maximum  value  of  the  condenser  current  /  =  CV^, 
we  have  an  expression  for  the  maximum  value  of  the  condenser 
current,  viz. — 

/  =  — JL^^^-^.E.     .     .    (106) 

L  V  [0/  -  /)  -  a^]^  -I-  [%a]* 

Suppose  that  a  is  small,  so  that  a^  is  negligible  in  comparison 
with  p^.     In   this   case   the  secondary  circuit   is   said  to  be  feebly 
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damped.     Then,  bearing  in  mind  that  -  =  —  =  j,  we  may  write  the 
equation  (105)  for  the  current  in  the  condenser  circuit  in  the  form  — 


/  = 


E 


(106) 


where  q  =  2im,  2a  =  ^  » and  a*  =  — 

Let  us  examine  the  manner  in  which  the  current  /  varies  as  the 


^ 


ratio  -   of  the  natural  frequencies  of  the  driving  and  driven  circuits 
approximates  to  unity. 

E 


Leta;=-'  =  0        then/  = 


when  ar  =  -  =  1 
and  if  ic  =  -  =  00 


then  /  = 


E        E 


2aL 
then  7=0 


E 


We  see,  therefore,  that  the  expression  ?  for  the  current  in  the 
secondary  circuit,  considered  as  a  function  of  the  ratio  of  the  natural 


n-o 


~  =  Batio  of  Fbequencdes. 
Pig.  21.— a  Resonanoe  Curre. 

frequencies  of  the  two  circuits,  has  a  maximum  value  when  n^  =  n.^. 
If  we  delineate  the  expression  for  /  in  the  form  of  a  curve,  the 

abscis88B  of  which  represents  to  scale  --  and  the  ordinates  the  corre- 
sponding values  of  /,  then  we  have  a  curve  as  shown  in  Fig.  21,  which 
is  called  a  resonance  curve.  This  curve  runs  up  into  a  peak  very 
sharply,  because  the  value  of  /  depends  on  the  difference  of  the 
squares  of  two  quantities  which  are  approaching  each  other  in  value. 
The  current  corresponding  to  equahty  in  the  frequency  of  the  two 
circuits  is  called  the  resonance  rurrent.     We  shall  denote  it  by  /r- 

It  is  obvious  that  the  ratio  of  the  current  corresponding  to  any 
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2*21 


particular  value  of  -^  not  far  from  unity,  to  the  current  which  oxiutH 


n. 


when  -  is  unity,  is  given  by  the  equation- 


>'^ 


2aq 


2a 


..n.       r..rAm 


It  is  most  convenient  to  plot  the  ratio  j  s  ij  ^  ordinatcw  to 
abscissae  representing  -*  =  x  (see  Fig.  22). 

A  resonance  curve  so  plotted  enables  us  to  determine  the  loj/arithinio 
decrement  of  the  oscillation  circuit  with  great  ease.     For  ii  i  is  tlic 


1<H 

\ 

\                     ^ 

•  0'O4' 



^T 

« 

J 

V 

o 

<h 

€ 

M 

9                    H 

^  =  Ratio  ov  FJOU^ceyciisK. 
Fig,  22. — k  BeufjoMDce  Curve, 

logarithmic  decrement  per  semi-perirxl  of  tli^;  circuit,  i}n:u  2»/  »  « 
and  2Mir  =  q.    Hence — 

2«_2^   n^ 


Th*:rfcfore         — 

Ir 


^'b<iy<:f 


'Vi-., 


or  It      =  A  ti^n  'v.Ati.  /  .h  f>::ar  ur.>:v  1  -^  /  ,%  i,^i^:,\  I,  \:.f\  -ak  'z^. 
tiansfonn    lOS   ir-V> — 
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The  practical  use  of  this  last  expression  for  the  decjement  is  con- 
siderable. Owing  to  the  difficulty  of  measuring  spark  resistance,  and 
the  fact  that  the  high  frequency  resistance  of  a  circuit  can  only  be 
predetermined  in  a  few  cases,  we  are  seldom  able  to  obtain  the  re- 
sistance decrement  of  a  circuit  by  direct  calculation. 

We  can,  however,  proceed  experimentally  as  follows:  Insert  in 
the  secondary  circuit  a  hot-wire  anmaeter  so  as  to  measure  the  value 
of  the  root-mean-square  current.  Since  for  the  same  circuit  this 
E.M.S.  value  J  is  directly  proportional  to  the  maximum  value  I  of  the 
currents  during  each  train,  it  follows  that — 


j;2  -:  J2 


where  the  suffix  r  indicates  the  value  of  the  current  at  its  maximum, 
due  to  exact  resonance. 


Fig.  28. — Determination  of  the  Decrement  of  Electrical  Oscillations 
by  the  aid  of  a  Besonance  Curve. 

If,  then,  we  can  measure  or  calculate  from  the  capacity  and  in- 
ductance in  the  primary  and  secondary  circuits  the  frequencies  n^ 
and  nj  for  the  various  values  of  the  secondary  current  J,  we  can 

plot  a  resonance  curve  of  J  in  terms  of  the  ratio    ^  as  follows : — 

Set  off  on  some  horizontal  line  a  distance,  OX  (see  Fig.  23),  to 
represent  unity,  and  on  this  line  mark  off  various  values  of  the  ratio 

-  as  abscissae.     Corresponding  to  these,  set  up  ordinates  representing 

the  values  of  J*,  and  taking  the  maximum  ordinate  XY  to  have  a  value, 
unity,  on  some  scale,  we  obtain  a  curve,  AYB,  the  ordinates  of  which 
represent  the  ratio  of  the  square  of  the  secondary  cmrent,  J^,  to  square 
of  the  maximum  current,  J,* ;  and  the  corresponding  abscissae  the  ratio 
of  the  natural  frequencies  of  the  two  circuits. 
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T'2 

Then,  if  XjYi  is  some  value  of  y~2  corresponding  to  a  value  of  -  not 

Or  .  1^1 

far  from  unity,  we  have  XXj  =  1 and 


X,Y,_        _      /--  J» 

"(XY)«  -  (X,Y,)»      V  Jr»  -  , 


X.Y, 


Hence  from  (110)    ^  =  ^^^d'^^^i^^^^^^i 


(111) 


A 


The  reader  must,  however,  notice  that  this  method  of  obtaining  the 

decrement  8  from  the  resonance  curve  is  based  on  two  assumptions — 

(i.)  The  distance  XX,  must  be  small  compared  with  OX,  so  that 

1  — ^  is  a  small  quantity  C5ompared  with  unity. 

(ii.)  The  method  is  only  valid  when  the  decrement  8  is  small 
compared  vyith  tt,  so  that  2n8  =  a  is  small  compared  with  ^rvir  =  jp,  as 
above  assumed. 


/-o 


/^ 


z-o 


n, 


Fio.  24. — Besonance  Curves  plotted  in  Terms  of  Potential  for  Strongly 
Coupled  Circuits. 

* 

Hence  the  method  only  applies  to  the  determination  of  the  decre- 
ment of  a  feebly  damped  oscillatory  circuit,  or  to  one  in  which  the 
decrement  is  not  greater,  say,  than  0-1. 

If  the  damping  is  not  small,  then  we  cannot  neglect  h  in  com- 
parison with  TT,  and  in  plotting  the  resonance  curve  for  potential  and 
current  we  have  to  employ  the  complete  equations  (104)  and  (106). 
We  then  find  that  the  resonance  curves  for  potential  and  current 

plotted  to  the  same  ordinates  —  are  no  longer  identical  or  symmetrical, 

and  moreover  that  the  maximum  ordinate   of   the  curve  does  not 

coincide  with  abscissa  —  =  1.     This  leads  to  the  conclusion  that  we 

.    .       .  ^^ 

have  to  distinguish  between  wKhnmism  in  two  circuits  and  resmumrc, 

and  that  whilst  these  are  identical  for  feebly  damped  circuits,  they 
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are  not  so  for  strongly  damped  circuits.  The  two  diagrams  in  Figs. 
24  and  26  for  the  resonance  curves  of  potential  and  current  for  two 
circuits  having  decrements  per  half -period  respectively  of  0*1  and  0-4, 
show  this  distinction.  These  diagrams  are  taken,  by  kind  permission, 
from  the  treatise  by  Professor  J.  Zenneck  on  "  Electrical  Oscillations 
and  Wireless  Telegraphy,"  p.  573. 


a^ 


0^ 


Ji-o 


Fio.  25. — Besonance  Curves  plotted  in  Terms  of  Current  for  Strongly 
Coupled  Circuits. 


14.  Resonanoe  between  Two  Coupled  Cirouits  both  haYing 
Damping. — The  case  of  two  inductively  coupled  oscillation  circuits 
both  having  damping  presents  somewhat  greater  analytical  difficulties 
in  its  discussion.  It  has  been  handled  with  abihty  by  several  writers. 
We  shall  first  follow  in  outline  the  method  employed  by  V.  Bjerknes 
in  deahng  with  this  problem.**  We  assume  that  there  are  two 
circuits,  both  having  capacity,  inductance,  and  resistance,  which 
are  inductively  connected.  Let  us  suppose  that  oscillations  are 
excited  in  one  circuit  by  means  of  a  spark-gap  as  usual,  and  that 
these  set  up  other  oscillations  in  the  adjacent  secondary  circuit.  The 
problem  is  to  predetermine  the  secondary  current  and  the  decrements 
and  their  relation  to  the  constants  of  the  two  circuits.  Let  suffixes 
1  and  2  refer  to  the  primary  and  secondary  circuits,  let  C,  L,  and  K, 
denote  the  capacity,  inductance,  and  resistance  of  the  circuits,  a  the 
damping  factor,  and  8  the  decrement,  and  p  2ir  times  the  frequency  n. 
We  have  first  to  construct  the  differential  equation  expressing  the 
instantaneous  terminal  potential  difiference  of  the  condenser  in  the 
secondary  circuit.  Let  Tj  be  this  potential  at  any  time  L  Then,  as 
in  the  previous  section,  we  have  as  the  equation  of  potential  difference 
between  the  terminals  of  the  secondary  circuit  condenser  the 
expression — 


^/V,      R,   dv^      _1      ^ 
iW'  "^  L, '  dt       G,L, 


^  €-«»^co8  7V     .     .     (112) 


"  See  V.  Bjerknes,  Wied.  Ann.,  1896,  vol.  56,  p.  121 ;  also  Ibid,,  1891,  vol.  44, 
p.  74. 


DAMPING    AND   RESONANCE  225 

We  assome,  for  the  sake  of  avoiding  purely  aual\tioal  diffiouities, 
that  the  impressed  electromotive  force  in  the  secondarN'  circuit  has 
its  maximum  value  £  when   /=  0,   and  that  at   this  instant  the 

oscillations  in  the  secondarj*  circuit  hegin  so  that  r^  =  0,  and    ,  .^  =r  0 

when  /  =  0.     Writing  20^  for  j- ,  and  p^  +  a^  for  ^j-  as  before,  we 

have,  as  the  expression  for  the  potential  difference  of  the  terminals 
of  the  condenser  in  the  secondary  circuit,  the  equation  — 

'J^  +  2<^'J^  +  W  +  «,V  =  jJ^^€-"''cos/.,/     .    (113) 

The  above  expression  indicates  that  the  motion  of  electricity  in  the 
secondary  circuit  is  due  to  a  damped  inducing  oscillation  in  the  primaiy 

circuit  with  period  —  and  damping  factor  a,. 

To  solve  (113),  diflFerentiate  all  through  twice  with  respect  to  time ; 
multiply  the  original  (113)  by  (p^^  —  aj*),  the  first  diflferential  by  2oi ; 
and  add  the  results  to  the  second  differential  equation.  This 
eliminates  the  term  €-«i'  cos  j?,/,  and  gives  us  a  diflferential  equation 
of  the  4th  order,  viz. — 

+2a,(;>,«+a,«)]J;+[0>3^+t„«)(V+a,»)]r  =  0.     .     .     (114) 

Replacing  the  diflferential  coefficients  by  m*,  m^,  m^,  and  m 
respectively,  we  have  as  the  auxiliary  equation  a  biquadratic  in  m. 

The  solution  of  (113)  is  found  by  taking  the  roots  of  the  auxiliary 
biquadratic  having  the  same  coefficients  term  for  term.  These  roots 
are  easily  seen  to  be — 

—  aj  ±  -/  —  i/>i  and  —  oj  ±  V  —  I/A2 
Hence  the  solution  of  (113)  is  in  the  form   - 

r  =  Vi€-«i'  sin  {p,t  +  0,)  +  V.^-«2«  sin  {pj  +  0.,)  .     (115) 

This  indicates  that  there  are  tivo  suj>ermpoiif"l  omllatums  nratcd  in 
the  secondary  circuiL 

(i.)  A  forced  oscillatum  of  maximum  amplitude  V,,  having  the  same 
frequency  and  damping  as  the  primary  current. 

(ii.)  A  free  osdllation  of  maximum  amplitude  V3,  having  the  natural 
frequency  and  damping  of  the  secondary  circuit. 

To  find  the  values  of  the  amplitudes  V,  and  V^,  and  the  phase 
angles  $1  and  ^„  we  proceed  as  follows : — 

Differentiate  the  solution  (116)  for  v,  and  substitute  the  values  of 

V  and  J.  found  from  (115)  in  the  original  equation  (113).      We  obtain 

the  expression — 

Q 
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j^  €-«!<  COS  p,t  =  yip^^  -  pi^  +  (««  -  cii)^)€-«i«  sin  {p,t  +  0,) 

+  Vi[2/?,(a,  -  aO]c-«i' COS  O^i/ +  ^0      .      (116) 

Bearing  in  mind  that  ^  ^~  =  p.^  +  a,/,  and  that  VA^+B^  cos  pt 

=  A  cos  (/)/  +  ^)  -h  B  sin  (/>/  +  0),  provided  that  tan  ^  =  _,  it  follows 
at  once  that — 

V,  =_ J^^^"^^  _, ^_ — -.E    (117) 

andtan^,=-P-'-/V  +  ^^7"-^' (118) 

The  above  expressions  give  us  the  maximum  amplitude  and  phase 
of  the  forced  oscillation  in  the  secondary  circuit. 

To  find  the  same  constant  for  the  free  oscillation,  we  must  take 

equation  (115),  and  put  /  =  0  and  v  =  0\  and  also  differentiate  (115),  and 

dv 
put  ^  =  0  and    . .  =  0.     We  then  have  — 

Vi  sin  $1  +  Va  sin  ^^  =  0 
—  Vitti  sin  ^1  +  V,pi  cos  ^,  —  Vya^  sin  6.^  +  Y2P2  cos  tfa  =  0 

or    Y2P2  sin  0.^  =  -  ViPa  sin  O^  | 

and     Y.iP2  cos  $2=  -  V, [(a^  -  a,)  sin  ^1  +  ;>i  cos  ^,]  J  ' 

Squaring  and  adding,  we  obtain — 

V.2V  =  (<h-^iy^i^  sin^  0,+p2^Y,^  sin«  Oi+P.^Yi^  cos*  0, 

+  2j[;i«L,-a,V,*  sin  ^,  cos  ^i (120) 

and  having  regard  to  the  value  of  tan  0^  given  in  (118),  we  find  that 
(120)  reduces  to — 

V,V  =  V.X/'..' +  (a,  -  aO^)      ....      (121) 

Hence  it  follows  that — 

The  above  expressions  enable  us  to  define  the  secondary  current 
precisely. 
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Each  potential  oscillation,  forced  and  free,  acts  to  produce  its  own 
current  in  the  secondary  circuit,  and  if  we  call  I^  and  I^  the  maximum 
values  of  the  forced  and  free  secondary  currents,  we  have  these  related 
to  the  potential  maxima  as  follows : — 

Accordingly,  we  have  the  following  expressions  for  the  amplitude 
of  the  currents  : — 

Forced  current  \  p  jj 

amplitude     )  ^^W  -Pi* + (««  -  aOO' + %X««  -  ^lY 

Hence  the  actual  current  in  the  secondary  circuit  is  the  resultant 
of  two  damped  oscillations,  diflFering  in  phase  and  frequency.  The 
further  discussion  of  the  problem  is  facilitated  by  adopting  a  procedure 
due  to  V.  Bjerknes." 

He  assumes  that  we  may  consider  the  secondary  current  as  a 
single  current  of  variable  amplitude  expressed  as  a  function  of  the 
time,  of  the  form — 


i  :^g(^^^)m  GOB  (nU  +  m')     .     .     .    (126) 


where  M  is  a  function  of  the  time  and  of  the  damping  factors  and 
other  circuit  constants. 

T^4-  *v.       J^i  +  Pa        «       Pi  ^  P2  -»  <*i  +  a«  a,  —  cu 

Let  w  =  ^^^-^,     ^  =      2~    '      '^     ~^    '      "  ^      2     ' 

Let  the  original  differential  equation  for  the  potential  difference  of 
the  terminals  of  the  secondary  condenser  be — 

g  +  2aJ^±  +  W  +  ^>  =  jj  €-«!«  sin  (j>,t  +  ^)     (127) 

Bjerknes  shows  that  the  solution  of  the  above  equation  can  be 
given  in  the  form — 

V  =  M.  sin  (7ni  +  m') 
where — 

M^= ^"    |P,  +  2.1+-^-??i*P,+2.«y^^Pa(128) 

and    Pi  =  €-2Ai^€-2»^  +  c2'''-2cosn/)  \ 

Pj  =  e-'^MUne^yt^  n  cos  2nt  -  v  sin  2nf)  >     (129) 
P,  =  €-2m'(|/€2»'*  -  y  COS  2nt  +  n  sin  2nf)  ) 

»»  See  V.  Bjerknes,  *'  On  Electrical  Resonance,"  Wted,  Ann.f  1896,  vol.  66, 
p.  121. 
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Bjerknes  then  discusses  various  cases,  and  delineates  curves 
showing  the  variation  of  M  with  time. 

1st  case.  Let  the  primary  and  secondary  circuits  have  the  same 
periodic  time  and  damping,  viz.  py^  =  p^  and.aj  =  Og.    Then  we  have — 


M=  ± 


E 


-  2L.fyn 


t.e'f'^ 


(130) 


The  graph  of  this  equation  is  shown  in  Fig.  26  (A).  In  this  case 
the  amplitude  of  the  oscillations  first  increases  and  then  slowly  falls 
away  again. 


FiG.  26.— Bjerknes'  Curves  representing  Various  Types  of  Possible  Secondary 

OsciUations. 

2nd  case.     Let   the  two  circuits  have  equal  periodic  times  but 
unequal  damping.     Then — 


-  4tL,fynv 


(131) 


The  graph  of  this  equation  is  given  in  Fig.  26  (B)  for  logarithmic 
decrements  S^  =  04,  &j  =  0-04. 

3rd  case.  Let  the.damping  of  the  two  circuits  be  the  same,  but  the 
frequencies  dififerent.     Then  we  have — 


M=  + 


E 


2LL2C27nn 


c-^  sin  71/ (132) 


The  graph  of  this  equation  is  shown  in  Fig.  26  (D),  and  it  presents 
us  with  that  periodic  waxing  and  waning  which  is  known  in  acoustics 
as  the  phenomenon  of  beats. 

4th  case.  Let  the  damping  and  frequencyof  the  two  circuits  be 
different,  then  the  value  of  M  is  given  in  (128),  and  the  graph  will 
vary  according  to  the  relative  values  of  the  constants,  but  two  cases 
are  ^hown  in  Fig.  26  (E  and  F).     Bjerknes  then  passes  on  to  show 
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how  the  integral  valm  or  niean-st/uare  valm  of  the  resultant  secondary 
current  can  be  calculated. 

If  we  denote  the  mean-square  value  of  the  potential  difference  of 
the  terminals  of  the  secondary  circuit  condenser  by  U,  and  the  corre- 
sponding value  of  the  current  by  J,  then  U  is  defined  by  the  equation — 

/•oo 


\ii^r.fyit (133) 

J  0 


since,  owing  to  the  frequency  of  the  oscillations,  a  time  of  1  second 
may  be  considered  to  be  infinite  as  far  as  the  decay  of  oscillations  is 
concerned.     Then,  since  v  =  M  sin  (jiit  +  in*) — 

V*  =  -g-  -  -g-  cos  2  (m/  +  //i')     ....     (134) 

In  taking  the  integral,  that  part  due  to  the  cosine  term  of  the 
above  equation  is  zero,  and  hence — 

Xi'^^rWdt (135) 

J  0 

Also  the  mean-square  value  of  the  current  is  given  by — 

P=CaWU^ (136) 

where  C,  is  the  capacity  of  the  secondary  condenser.     Hence — 

P  =  JC.,WrMV/ (137) 

We  must  refer  the  reader  to  Bjerknes'  paper  Qoc.  at.)  for  the  steps 
of  the  reasoning  by  which  he  finally  deduces  an  important  equation 
for  the  mean-square  value  of  the  secondary  current,  which  in  our 
notation  is — 

J2  =  ^E*     ?L±_??.  1    _      .       .     .     (138) 

16  V     a,a,       (/>,  -p,)2  +  (a,  +  a,)2  ^        ^ 

This  equation  gives  us  the  value  of  the  current  which  would  be 
read  on  a  hot-wire  ammeter  of  suitable  type  inserted  in  the  secondary 
current. 

It  shows  us  that  J  increases  as  p^  and  p^  or  the  frequencies  of  the 
two  circuits  become  more  nearly  equal.  Let  us  denote  by  Jr  the 
value  of  the  secondary  current  when  j\  =  p^y  and  call  Jr  the  resimnno* 
ctirrmt ;  then — 

Accordingly,  the  ratio  of  P  to  Jr"  is  given  by  - 

Ji=_    K+-^)L   ...  (140) 
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Hence    ^ll^  =  (Jh^^ 

or     (ai+a,)  =  (i?,+l?2)^-y-— - (141) 

If  8,  and  S^  are  the  logarithmic  decrements  per  semiperiod  of  the 
two  circuits,  then  a,  =  2ni8i,  and  a,  =  2^^.  Hence  if  we  insert  these 
values  of  a^  and  a,  in  (141),  and  assume  that  the  frequencies  of  the  two 
circuits  Wj  and  n,  are  nearly  the  same^  we  can  write  (141)  in  the  form — 


8'+8'-(i-:Vpb-  •  •  •  ^'''^ 


This  useful  equation  gives  us  the  means  of  determining  the  sum  of 

the  decrements  of  the  two  circuits  when  we  have  a  resonance  curve 

J*  n^ 

plotted  showing  the  variation  of  js  with  -.    Thus,  suppose  we  insert 

a  suitable  hot-wire  ammeter  in  the  secondary  circuit  and  vary  the 
inductance  of  that  circuit  so  as  to  change  its  natural  time  period  n,, 
and  if  we  know  n^  we  can  plot  a  curve,  as  in  Fig.  23,  called  a  resonance 

ja 

curve,  in  which  the  ordinates  represent  the  values  of   ^rj  and  the 

n 
absciss8B    denote  the  fraction   -.      This    curve    has    a    maximum 

ordinate  equal  to  unity,  and  a  corresponding  abscissa  also  equal  to 

unity.      Draw  any  other   ordinate  near  to  the  maximum  and  let 

n.  J' 

X  denote  1 and  y  denote  ja .     Then  from  (142)  we  have — 


&  +  &  =  «^>/^!., (143) 


and  the  measurement  of  x  and  y  enables  us  to  find  Sj  +  S^.  If,  then, 
we  can  calculate  one  decrement  from  other  data,  we  have  the  second 
decrement  from  this  last  equation. 

This  is  the  equation  which  was  applied  to  determine  the  decrement 
of  an  oscillatory  circuit  having  a  spark  gap  in  it  in  the  researches  of 
P.  Drude,  to  which  reference  has  been  made  already  in  §  5. 

It  is  sometimes  convenient  to  employ  equation  (143)  in  the  form — 

J^                1 
'^  =  J^.~rT"  ^V^ (144) 

n 
This  equation  holds  good  only  when  ./:  =  1 ^  is  small,  and  when 

8j  and  8,  are  also  small  compared  with  tt. 

18.  Drude's  Theory  of  the  Oscillation  Transfopmep.— A  very 


DAHPIKG   AND  RESONANCE  231 

masterly  discussion  of  the  problem  of  the  inductive  transformation  of 
electric  oscillations  has  been  given  by  Professor  P.  Drude  in  a  well- 
known  memoir.^'^  He  discusses  the  theory  of  an  oscillation  trans- 
former or  Tesla  coil,  consisting  of  a  secondary  circuit  wound  on  a 
cylinder  of  length  h  and  diameter  d,  in  one  or  more  layers  of  wire,  and 
embraced  by  a  primary  circuit  of  one  or  a  few  turns  of  wire,  the 
primary  circuit  being  a  circle  having  its  centre  on  the  axes  of  the 
secondary  circuit. 

He  takes  L^  to  denote  the  self -inductance  of  the  primary,  and  L^, 
that  of  the  secondary,  and  L^,  to  denote  the  mutual  inductance  of  the 
secondary  on  the  primary,  and  L^i  that  of  the  primary  circuit  on  the 
secondary.  In  the  case  of  two  simple  linear  circuits  with  currents 
equal  in  all  parts  of  the  circuit,  we  should  have  L„  =  L.^  =  M,  or  the 
mutual  inductance  of  the  two  circuits.  In  the  case  of  such  as  an 
oscillation  transformer  as  is  here  discussed,  L^i  is  always  greater  than 
Lja  in  the  ratio — 

Lji :  Lia  =  1 :  sin  ir  - 
h 

where  a  is  some  quantity  less  than  the  length  h  of  the  secondary 
spool. 

The  reason  for  this  difference  is  that  the  total  flux  of  induction 
produced  by  the  actual  current  of  unit  strength  in  the  centre  coil  of 
the  secondary  circuit  in  less  than  that  which  would  be  produced  by  a 
current  having  the  same  value,  viz.  unit  strength  in  all  parts  of  the 
secondary  coil,  because  the  actual  current  in  the  secondary  coil  is 
greatest  in  the  centre  of  the  wire  and  zero  at  the  terminals  or  open 
ends.  Drude  then  defines  the  coeflScient  of  coupling  k  by  the. 
expression — 

**=feffe (1*^) 

If,  then,  v^  is  the  potential  difference  of  the  primary  condenser 
terminals  at  any  instant,  and  v^  that  of  the  secondary  terminals  at  the 
same  instant,  Drude  establishes  two  equations  which  in  our  notation 
are  as  follows : — 

L,A^'-L,A'^i  +  B,C.|'  +  t.,  =  0.    .    (145) 
L.^C,'^-L,A'^'  +  R,c/|  +  «.,  =  0.    .    (146) 

and  obtains  solutions  for  these  in  the  form — 

r,  =  A€*i' +  A^'^-^' +  AaC^s' +  A,c*4*    .     .     .     (U7) 
i!2  =  Bc«'i'  +  B,€*'.<  +  B3c*s«+B4C*4<   .     .     .     (148) 

••  P.  Drude,  "  Uber  induktiv  Erregung  zweier  Elektrische  Schwingungskreise 
mit  Anwendung  an!  Perioden  and  Dampfungsmessung  Tesla  transformatoren  und 
Drahfelose  Telographio,"  Ann.  der  Physiky  1904,  vol.  18,  p.  612. 
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and  finally,  by  a  long  course  of  reasoning,  he  proves  that  if  the  circuits 
are  adjusted  to  resonance,  so  that  LiiC,  =  Lb^s,  we  have  the  value  of 
the  secondary  terminal  potential  difference  given  by  the  expression — 


/Cj    I^  ^ 


'•.  =  ^       /^• 


(149) 


where  Vi  is  the  maximum  value  of  the  primary  condenser  potential 
difference,   and  p   is  a   function   of  the  sum   (81  +  8,)  of   the   two 


Fig.  27. — Drude's  Curves. 

logarithmic  decrements  per  semi-period,  Sj  and  8j  of  the  primary  and 
secondary  circuits  when  separate,  and  also  of  the  coefl&cient  of  couphng, 
k.     The  function  expressing  p  is  of  the  form — 


c^^  cos  P/  -  c®'  cos 


(160) 


I 


where  A,  B,  P,  and  Q  are  functions  of  81  +  h^,k  and  the  frequencies  of 
tlie  two  circuits.  Hence  v.^  has  its  maximum  value  corresponding  to 
the  maximum  value  of  p.  Drude  gives  a  series  of  curves,  reproduced  in 
Fig.  27,  which  delineate  the  form  of  the  function  expressing  p  in  terms 
of  k  for  certain  values  of  S^  +  8,,  between  0*15  and  1*00.     It  is  seen  that 
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these  curves  all  have  a  maximum  ordinate  corresponding  to  a  coeffi- 
cient of  coupling  k  near  to  0*6,  and  also  that  for  the  value  ^  =  1  the 
value  of  p  is  for  all  curves  0*5.  If  hi  and  8^  are  both  zero,  then  p  has 
the  value  unity  for  all  values  of  h  Hence,  if  we  denote  the  maximum 
valye  of  p  by  p  for  any  value  of  S,  +  Sj,  we  can  express  the  maximum 
value  of  the  secondary  terminal  potential  difference  V,,  by  the  equation — 

•    (151) 


If,  then,  8,  4-  &2  =  0,  we  have  p  =  1  and — 

^-ivgvg ^1^2) 

Y 

This  expression  for  the  ratio  of  :^  for  the  undamped  oscillations 

becomes  identical  with  that  given  by  Oberbeck  if  Lji  =  Ljg.  Prom 
the  curves  given  in  Fig.  22  we  can  calculate  the  ratio  of  the  maximum 
secondary  terminal  potential  difference  Vg  to  the  primary  condenser 
terminal  potential  difference  for  any  assumed  value  of  k  and  for  values 
8,  +  8j  corresponding  to  the  curves  given. 

Thus,  suppose  the  decrements  of  the  circuits  are  such  that  8i  +  K 
=  0-16,  and  that  the  coupling  is  such  that  k  =  0*6.     We  see  then 

from  the  curves  that  p  =  0*87,  and  since  ( )  =  ttj,  we  can  say 

that  the  secondary  terminal  potential  difference  is  87  per  cent,  of 
that  which  it  would  be  if  the  circuits  were  undamped,  and  the  same 
primary  charging  voltage  employed. 

In  the  course  of  his  analysis  Drude  establishes  an  equation  for  the 
mean-square  value  of  the  secondary  current  J^,  which,  when  expressed 
in  our  notation,  is  as  follows  : — 

j2_V,*        L.^i'*        ^^^i ii  _    _  (\b^\ 

le'W.L^*'      a,a,"  •(;;,-/.,)•'  + (a,  4-0,)'^        ^        ^ 

where  ay  and  o^  are  the  damping  factors  of  the  two  circuits.  This 
equation  had  already  been  obtained  by  Bjerknes  (see  §  14  of  this 
chapter).     If  we  bear  in  mind  that  the  maximum  value  of  the  current 

in  the  primary  circuit  /j  =  ^^-,  and  that  the  maximum  value  of  the 

electromotive  force  created  in  the  secondary  circuit  by  the  primary 

V  L. 
current  is  La,/,/?,,  we  see  that  -  i    -*   is  the  same  quantity  as  that 

denoted  by  E  in  the  expression  of  Bjerknes  (see  equation  138  of 
this  chapter),  and  that  the  expressions  therefore  given  for  J*  by  Drude 
and  Bjerknes  agree  with  one  another. 

It  follows,  therefore,  that  the  maximum  value  of  the  mean-square 
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secondary  current    in  an  oscillation   transformer  is  given  by  the 
expression — 

•^ma^-^^V       y       .  1  .      .      .      (154) 

or  if  we  put  for  a,  and  cu,  their  values  in  terms  of  the  decrements  and 
common  frequency  n,  we  have  oj  =  2n8i  ai^d  ^a  =  2nSa.     Hence — 

j^      -  ^"         W  1  fl56^ 

If  the  coupling  is  such  that  L,a .  La  =  L21*  =  PLuL^,  we  have,  since 
^i-l-'ii  ^  C2l-iaa  = 


4ir'»« 


Jm«-  V,     g     -8,8^81  +  8,) 


(156) 


The  above  formula  is  very  convenient  for  calculation,  and  shows 
us,  amongst  other  things,  the  importance  of  securing  a  small  decrement 
for  the  primary  or  condenser  circuit  if  the  mean-square  value  of  the 
secondary  current  is  to  be  large.  We  shall  find  this  formula  of  use 
to  us  in  calculating  the  current  in  the  antenna  of  a  wireless  telegraph 
transmitter  plant. 

16.  ObJectiTO  Representation  of  Damped  Electric  Osoilla- 
tions. — There  are  two  methods  by  which  we  can  obtain  an  optical 
or  visible  representation  of  the  damped  electric 
oscillations  of  a  circuit  containing  capacity,  in- 
ductance, and  resistance,  provided  that  the  fre- 
quency is  not  very  high.  These  methods  enable 
us  to  see  what  is  talmig  place  in  the  condenser 
circuit,  and  preserve  by  photography  a  record  of 
the  current  changes  with  time.  In  one  of  these 
methods  employed  in  the  Pender  Electrical  La- 
boratory of  University  College,  London,  the  means 
of  record  is  a  Duddell  oscillograph.  This  instru- 
ment is  practically  a  mirror  galvanometer  of  a 
peculiar  kind,  the  moving  coil  of  which  has  a 
very  small  natural  time  period  of  oscillation  of 
about  00006  of  a  second. 

The  instrument  is  constructed  so  as  to  enable 
it  to  present  in  the  form  of  a  luminous  curve,  due 
to  the  movement  of  a  spot  of  light,  any  periodic 
cmTcnt  or  voltage  change  such  as  those  in  an 
alternating  electric  current.  It  consists  of  a  loop 
of  fine  wire  placed  in  a  strong  magnetic  field, 
having  a  small  mirror,  M  (see  Fig.  28),  resting  on 
the  two  wires  forming  the  loop.  A  ray  of  light  from  an  arc  lamp  faUs 
on  this  mirror,  and  is  then  again  reflected  from  a  larger  mirror  on  to 
a  screen  or  photographic  film.  When  an  alternating  current  is  passed 
through  the  loop  of  wire,  the  two  sides  of  the  loop  vibrate  so  that  the 
attached  mirror  oscillates  synchronously  about  a  vertical  axis.     The 
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Fia.  28.  —  Diagram 
of  Duddell  Oscillo- 
graph. 
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second  mirror  is  made  to  oscillate  by  a  small  motor  synchronously 
about  a  horizontal  axis,  and  the  combined  motions  cause  the  ray  of 
light  to  possess  a  double  motion  and  to  delineate  on  the  screen  a 
curve  which  reproduces  the  wave  form  of  the  alternating  current  in 
the  wire  loop  of  the  oscillograph. 

To  adapt  this  appliance  to  delineate  the  discharge  of  a  condenser, 
the  author  fixed  on  the  shaft  of  an  alternator  a  disc  of  insulating 
material,  having  on  its  edge  brass  sectors.  Against  this  disc  three 
brass  vdre  brushes  press,  and  the  sectors  are  so  arranged  that  as  the 
disc  revolves  the  middle  brush  is  alternately  connected  first  to  one 
and  then  to  the  other  of  the  outside  brushes.  If,  then,  a  condenser, 
battery,  and  oscillograph  loop  are  joined  up  as  shown  in  Fig.  29,  it 
will  be  evident  that  as  the  disc  revolves  the  condenser  is  alternately 
charged  by  the  battery  and  discharged  through  the  oscillograph. 
The  number  of  sectors  on  the  disc  is  made  the  same  as  the  number 
of  pairs  of    magnetic  field  poles  of    the  alternator.      The    small 
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Pig.  29. — ArrangemeDt  of  Condenser,  C ;  Commutator,  Com, ;  battery,  B ; 
and  oscillograph,  O,  for  delineating  condenser  discharge  curves. 

synchronous  motor  of  the  oscillograph  is  then  driven  by  the  current 
of  the  alternator.  Hence  the  ray  of  hght  reflected  on  to  the  screen 
of  the  oscillograph  continually  repeats  the  same  motion,  and  a 
naturally  non-repetitive  process,  like  the  discharge  of  a  condenser,  is 
made  periodic,  and  therefore  suitable  for  record  by  the  oscillograph. 

Photographs  can  then  be  taken  showing  the  variation  of  the 
condenser  discharge  current  for  various  capacities,  inductances,  and 
resistances  in  the  discharge  circuit.  In  the  Pender  Electrical 
Laboratory,  University  College,  London,  a  number  of  such  discharge 
curves  were  photographed,  using  a  paraffin  paper  condenser  of 
capacity  variable  between  0-5  and  7*0  mfds.,  an  inductance  consist- 
ing of  a  long  helix  of  copper  wire  of  31-6  millihenrys  (=  31-6  x 
lO*  cms.),  and  added  non-inductive  resistances  of  various  values. 
The  curves  given  in  Plate  I.,  Figs.  1  to  5  (see  p.  238),  are  repro- 
ductions of  these  photographs.  Curves  1  to  5,  inclusive,  are  the 
discharge  curves  of  various  capacities  from  70  to  075  mfd.  through 
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an  inductance  always  equal  to  31-6  millihenrys.  In  curves  6  to  10, 
inclusive,  a  capacity  of  0*5  mfd.  had  non-inductive  resistances  varying 
from  0  to  62-4:  ohms  added  in  series  with  it  and  with  the  inductance 
coil,  which  itself  had  a  resistance  of  7  ohms  and  inductance  of  31-5 
millihenrys. 

The  time  period  of  oscillation  was  measured  on  the  photographic 
plate,  and  calculated  in  fractions  of  a  second  from  the  observed  speed 
of  rotation  of  the  alternator.  This  time  period  is  given  on  the 
diagrams  by  the  numerical  value  denoted  by  "  T  measured."  The 
calculated  time  period,  denoted  on  the  diagrams  by  "  T  calculated,"  is 
obtained  from  the  Thomson  formula  T  =  27rV^CL,  and  the  known 
values  of  the  capacity  and  inductance  used  in  each  case.  It  will  be 
seen  that  in  every  case  "  T  calculated  "  agrees  very  well  with  "  T 
measured." 

As  a  fm'ther  confirmation  of  the  accuracy  of  this  fundamental 
formula,  the  values  of  the  measured  time  periods  of  oscillation  in 
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each  case  have  been  set  out  in  the  form  of  a  curve  (see  Fig.  30)  in 
terms  of  the  capacity  used.  The  points  of  observation  were  found  to 
lie  closely  on  a  parabola,  showing  that  the  square  of  the  time  period 
varies  very  exactly  as  the  capacity,  as  it  should  do  by  the  Thomson 
formula. 

These  photographs  show  in  a  striking  manner  the  way  in  which 
the  time  period  increases  with  the  capacity.  They  also  show  how 
the  introduction  of  resistance  into  the  circuit  damps  out  the  oscilla- 
tions. It  should  be  noted  that  in  all  but  the  last  two  photographs 
the  time  interval  allowed  by  the  commutator  for  the  discharge  was 
not  sufficient  to  take  in  all  or  nearly  all  the  oscillations  which  would 
have  taken  place  if  circumstances  had  permitted. 

The  above  method  of  delineation  by  the  oscillograph  is  only 
applicable  in  those  cases  in  which  the  time  period  of  the  condenser 
oscillation  is  considerably  larger  than  the  natural  time  period  of  the 
oscillograph  loop,  and  hence  can  only  be  employed  for  frequencies  as 
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low  as  a  few  hundred.  Another  method  of  objective  representation  is 
found  in  the  use  of  a  Braun  cathode  ray  tube.^^  This  tube  is  a  form 
of  high  vacuum  tube,  having  at  one  end  a  cathode  from  which  cathode 
rays  are  projected  (see  Fig.  31).  The  tube  T  has  in  it  two  baffle 
screens  with  small  holes  in  them,  and  on  an  enlarged  anticathode 
end  a  screen  B  of  phosphorescent  material.  When  the  tube  is  set  in 
operation  by  a  large  electrostatic  electrical  machine,  such  as  a  Yoss  or 
Wimshurst,  giving  a  unidirectional  and  continuous  discharge,  so  that 
a  continuous  projection  of  cathode  particles  takes  place  from  the 
cathode,  we  see  on  the  screen  a  brilliant  point  of  light  due  to  the 
cathode  ray  phosphorescence.  This  ray  is  a  flexible  conductor.  If, 
then,  a  pair  of  coils  traversed  by  an  electric  oscillation  are  placed  on 
either  side  of  the  neck  of  the  tube,  the  cathode  ray  is  deflected  up 
and  down  by  the  alternating  magnetic  field  of  the  coils,  and  the  spot 
of  Ught  on  the  screen  is  expanded  into  a  hne  of  light.  If  this  line  of 
light  is  examined  in  a  rotating  mirror  suitably  placed,  it  can  be 
expanded  into  a  wavy  descrescent  line  of  the  form  of  the  lines  in  the 
photographs  taken  with  the  oscillograph.  Although  the  plan  succeeds 
in  producing  an  objective  representation  of  the  discharge  current,  it 


Fig.  81.— Method  of  Employing  a  Braun  Cathode  Tube  to  delineate 
Alternating  Current  Curves. 

is  more  troublesome  to  operate,  and  not  so  suitable  for  quantitative 
work  as  the  method  employing  the  oscillograph  above  described. 

Professor  F.  Braun  and  Dr.  J.  Zenneck  have  pointed  out  that  such 
a  tube  may  be  used  to  trace  the  forms  of  alternating  current  curves 
(see  Anncden  der  Physik,  1902,  vol.  9,  p.  497) ;  and  Dr.  W.  Mansergh 
Varley  has  described  the  use  of  it  in  high  frequency  work.** 

The  arrangement  used  in  connection  with  the  Braun  tube  for 
delineating  alternating  current  curves  are  shown  in  Fig.  40.  For 
the  optical  delineation  of  oscillatory  discharges,  Messrs.  Varley  and 
Murdoch  recommend  an  electrostatic  method  of  deflecting  the 
cathode  ray.  In  Fig.  32  a  diagrammatic  scheme  of  the  apparatus  is 
shown.  The  Braun  tube  T  has  its  cathode  terminal  led  to  the 
negative  pole  of  a  Voss  machine  driven  by  a  small  electric  motor. 
Two  brass  plates,  P,  P  (see  Fig.  32),  are  placed  on  either  side  of  the 
tube  just  beyond  the  diaphragm  in  it,  and  these  are  connected  with 
the  spark  balls  of  the  oscillatory  circuit  containing  a  condenser,' K, 
and  an  inductance,  L.  The  plates  P,  P  were  about  3J  inches  by  2^ 
inches  in  size,  and  placed  3  inches  apart.     The  capacity  was  0003 

»  See  Prof.  F.  Braun,  Wied.  Ann,  der  Physik,  1897,  vol.  60,  p.  652. 

»*  See  Dr.  J.  Mansergh  Varley,  P;iiZ.  Mag.,  1902,  ser.  6,  vol.  8,  p.  600;  and  also 
Dr.  Varley  and  Mr.  W.  H.  F.  Murdoch,  The  Electrician,  1906,  vol.  65,  p.  836,  on 
"  Some  Applications  of  the  Braun  Cathode  Ray  Tube." 
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mfd.,  and  the  inductance  about  1  henry,  being  the  secondary  circuit 
of  a  small  transformer.  On  the  phosphorescent  screen  B  is  seen  a 
brilliant  green  spot  of  light  when  the  cathode  tube  Is  in  action,  and 
this  expands  into  a  bright  line  when  the  condenser  discharges  take 
place,  since  the  electrostatic  field  then  produced  between  the  plates 
P,  P  deflects  the  cathode  ray  up  and  down.  If  this  line  of  light  is 
examined  in  a  revolving  mirror,  the  usual  form  of  discharge  curve  of 
a  condenser  is  seen  in  it.  In  carrying  out  this  experiment,  the 
widened  part   of  the   cathode  tube   should  be  covered  with  tinfoil 
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Fig.  82.~Use  of  the  Braun  Cathode  Tube  with  Electrostatic  Deflection 
for  delineating  Condenser  Discharge  Curves. 

and  earthed.  An  interesting  set  of  experiments  was  carried  out  in 
1895  by  Professor  A.  Hay,  in  which  the  discharge  curve  of  a  condenser 
was  graphically  delineated  by  a  modification  of  the  Joubert  point-by- 
point  method  so  much  used  in  connection  with  alternating  currents. 
For  the  details  of  these  experiments  the  reader  is  referred  to  the 
original  paper  in  The  Electrician,  1896,  vol.  35,  p.  840.  The  results 
confirmed  experimentally  the  predictions  of  the  theoretical  formula 
for  the  frequency  and  strength  of  the  discharge  current  at  various 
instants. 

A  very  beautiful  method  of  rendering  the  oscillations  in  an  oscilla- 
tory spark  visible  has  been  employed  by  Lehmann,  Klingelfuss," 
Zehnder,*  and  Hemsalech.*'  If  a  series  of  oscillatory  discharges 
produced  by  a  condenser  circuit  possessing  inductance  charged  by  a 
transformer  is  taken  between  platinum  points  upon  which  a  powerful 
blast  of  air  plays,  the  spark  is  found  to  be  drawn  out  into  a  narrow 
band  of  flame,  which  is  crossed  transversely  by  brighter  wedge-shaped 
bands.  These  last  bands  are  the  successive  oscillations  in  the  spark, 
and  the  number  of  them  is  determined  by  the  capacity  and  inductance 
of  the  circuit,  and  is  reduced  by  inserting  an  iron  core  into  the  in- 
ductance coil,  or  by  any  cause  tending  to  damp  out  the  oscillations. 
The  band-crossed  strip  of  light  can  be  photographed,  and  its  appear- 
ance varies  with  the  frequency  and  damping  of  the  condenser  circuit. 

«  KUngelfuss,  Ann.  der  Physik,  1901,  vol.  v.  p.  887. 
"  L.  Zehnder,  Ann.  der  Physik,  1902,  vol.  ix.  p.  899. 
»'  G.  Hemsalech,  Comptes  Hendus,  1908,  vol.  140,  p.  1103. 
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PART    II.— ELECTRIC   WAVES 

CHAPTEE  IV 
STATIONARY  ELECTRIC  WAVES  ON  WIRES 

1.  The  Propagation  of  Electric  Potential  along  a  Conductor 
of  Infinite  Length. — Let  us  consider  the  case  of  a  conductor  infinitely 
long,  consisting  of  a  wire  embedded  in  an  insulator.  Let  the  resist- 
ance, inductance,  and  capacity  per  unit  of  length  of  this  wire  be 
denoted  by  E,  L,  and  C.  Let  the  conductance  of  the  insulator  per 
unit  of  length  of  the  wire  be  denoted  by  K. 

Then  if  a  periodic  electromotive  force  is  applied  to  some  point  in 
this  circuit  a  current  will  be  created  in  it. 

Let  the  point  of  application  of  the  electromotive  force  be  taken  as 
origin,  and  measure  any  distance  x  from  it  along  the  circuit.  Consider 
an  element  of  the  conductor  whose  length  is  &r  =  (y  +  &r)  —  a:!  situated 
at  this  distance  z  from  the  origin. 

Also  at  the  point  whose  abscissa  is  x  let  the  current  in  the  con- 
ductor be  denoted  by  i  and  the  potential  by  t\ 

At  the  distance  x  +  8x  the  current  will  he  i  +  ,-&?•,  and  the 

potential  v  +  y^&r. 
ax 

The  resistance,  inductance,  capacity,  and  dielectric  conductance  of 

the  length  Bx  of  the  conductor  are  E&r,  L&r,  C&r,  K&c,  respectively. 

Hence  the  equations  connecting  v  and  i  are  obviously — 

^t^^'% ■  (■) 

'>^"t (^) 

If  both  i  and  v  vary  in  a  simple  harmonic  manner,  and  if  /  and  V 
are  the  maximum  values  of  the  current  and  potential  during  the 
period,  then  whatever  lines  be  taken  to  represent  /  and  V,  the  maxi- 
mum values  of  ^  and  j^  will  be  represented  by  lines  equal  to  pi  and 

pY  respectively,  drawn  at  right  angles  to  /  and  V,  where  p,  as  usual, 
denotes  27m. 

Hence,  if  we  consider  only  maximum  values  of  the  periodic  func- 
tions and  represent  the  vectors  denoting  them  by  complex  quantities, 
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we  can   write  the  equations   (1)  and   (2)  as   vector  equations,  as 
follows : — 

ax 
°'    ?  =  (R+^L)/    ....    (3) 

g=(K+;>C)V  ....    (4) 
Separating  the  variables  in  (3)  and  (4)  by  differentiation,  we  have— 

'2  =  (R+;>LXK+;>C)V (5) 

^=(E+;>LXK+;>C)/ (6) 

or,  writing  P  for  v'K  +;2>L  .  ^K  +jpG,  we  obtain — 

iJ  =  ^ ("0 

S=^'^ («) 

The  solutions  of  the  above  equations  (7)  and  (8)  are — 

V  =  0€+P«  +  ftc-P» (9) 

where  a  and  h  are  constants  of  integration. 

The  quantity  P  is  a  complex  quantity,  and  can  be  represented  in 
the  typical  form  a  +jfi' 

Hence     ^fB +jph.  ^/K +J2)G  =  a+jfi       .     .  .  (11) 

and  therefore    a^  +  ^  =  VE'^'^-^-^U  -  y/K^  +p^&      .  .  (12) 
also    a^-)3'  =  EK-/LC 
Accordingly  — 

2a»  =  V  (E2  +  p^h^XK''  +  p^C")  +  (EK  -|>2LC)  .  (13) 

2)3^=  ^(E^+y2L0(K^  4-/0^- (EK-/LC)  .  (U) 
The  quantities  a  and  fi  are  called  the  secondary  constants  of  the  cable 
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and  are  important  constants.  They  can  be  calculated  when  we  know 
the  primary  constants  R,  L,  C,  K  and  w. 

Next  let  us  suppose  the  cable  to  be  of  infinite  length  in  one 
direction,  and  that  the  impressed  electromotive  force  is  placed  at  the 
origin  or  accessible  end.  Let  it  be  of  simple  harmonic  form  and 
maximum  value  E. 

Then  obviously  there  will  be  a  gradual  decrease  in  maximum 
potential  along  the  cable,  which  must  be  zero  at  the  infinitely  distant 
end.  If  we  reckon  x  in  the  direction  in  which  the  potential  decreases, 
then  we  must  change  x  into  -a;  in  the  general  solutions  (9)  and  (10) 
to  make  them  fit  this  particular  case,  because  in  obtaining  the  original 
equations  (1)  and  (2)  we  assumed  that  v  and  i  increased  with  x. 

Making  this  change,  we  then  note  that  when  «  =  0,  V  =  E,  and 
when  a;  =  00,  V  =  0.  It  follows,  therefore,  that  ^>  =  0  and  a  =  E. 
Hence  the  solutions  (9)  and  (10)  when  appUed  to  the  above  case 
become  transformed  into — 

V  =  Ec-P» (15) 

^-^-'-^^ « 

These  equations  give  us  the  vector  values  of  the  potential  and 
current  at  any  point  in  the  cable  at  a  distance  x  from  the  origin  at 
which  a  simple  periodic  electromotive  force  of  maximum  value  E  is 
applied. 

Since  V  =  a+jp  and  c'^^*  =  cos  fix  -  j  sin  fix  .     .   , (17) 

we  can  write  (15)  and  (16)  in  the  form — 

V  =  Ec-«*(cos  )8a; -;  sin  )8x) (18) 


/=  E^Ji:^^?c-««(co8  fix  -;  sin  fix)  . 

VR+j/i>L 


(19) 


The  reader  should  note  that  the  above  expressions  are  complex 
quantities,  and  represent  V  and  /  considered  as  vectors. 

If  we  require  the  mere  magnitude  or  size  of  V  and  I,  that  is,  the 
numerical  values  of  the  maximum  potential  and  current  at  the  point  x 
in  the  cable,  we  have  to  put  these  equations  (18)  and  (19)  into  the 
form  A  +  yB,  and  then  find  the  value  of  the  modulus  V  A^  +  B^  which 
expresses  the  magnitude  in  a  scalar  sense. 

The  reader  should  also  notice  the  physical  signification  of  the 
equation  (18).  It  denotes  that  the  maximum  value  V  of  the  potential 
at  any  point  in  the  cable  is  less  than  the  maximum  value  of  ,the 
impressed  electromotive  force  E  in  the  ratio  1 :  c"***,  and  also  that  V 
is  shifted  backwards  in  phase  relatively  to  E  by  an  angle  fix. 

The  factor  €"***  is  called  the  attenuatim  factm\  and  the  factor 
(cos  fix  —  y  sin  fix)  is  the  phas^  factor  for  the  distance  x. 

When  we  know  a  and  fi  we  can  always  graphically  delineate  the 
attenuation  and  phase  difference.     Hence  as  we  proceed  along  the 
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cable  the  maximum  potential  varies  from  point  to  point  in  accordance 
with  the  law  of  a  damped  oscillation.  These  facts  may  be  presented 
graphically  as  follows : — 

Take  a  line  OX  (see  Fig.  1)  to  indicate  the  cable,  and  set  up  a 
perpendicular  OE   to  represent   in   magnitude    and   direction    the 


FiQ.  1.-— Delineation  of  a  Curve  representing  the  Variation  of  Maximum  Potential 
along  an  Infinite  Cable  having  a  Simple  Periodic  Electromotive  Force 
applied  at  one  End,  0. 

maximum  value  of  the  electromotive  force  at  the  generator  end. 
Then  at  equidistant  points  draw  other  lines  decreasing  in  length  in 
geometrical  progression,  and  each  shifted  backwards  or  forwards  in 
direction  relatively  to  the  preceding  line  by  an  equal  angle.     If  we 


j=n=** 


4* 

II  ,;        II 


yr\-*- 


il..JL..K, 


Elevation, 


Section. 


Fig.  2.— a  Model  illustrating  the  Propagation  of  an  Alternating  Current  along  a 
Cable  of  Infinite  Length  having  a  Simple  Periodic  Electromotive  Force 
applied  at  one  End. 

suppose  these  lines  to  revolve  with  equal  angular  velocities  round 
their  ends  as  centres  situated  at  equidistant  intervals  on  the  line  OX ; 
then  their  projections  at  the  same  instant  on  vertical  lines  drawn 
through  their  centres  will  represent  at  that  instant  the  actual  voltage 
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at  these  points  in  the  cable.  The  periodic  change  with  time  and 
distance  may  be  represented  by  a  working  model  made  in  the  follow- 
ing manner:  On  a  long  steel  axle,  AA,  are  fastened  a  number  of 
eccentric  pulleys,  Ei,  Ej,  E„  etc.  (see  'Fig.  2).  The  eccentricities  of 
these  wheels  decrease  in  geometric  progression,  and  each  eccentric  is 
set  in  phase  backward  behind  its  preceding  neighbour  by  an  equal 
angle.  These  wheels  are  embraced  by  endless  cords,  Ci,  C„  C„  etc.,  of 
equal  length  attached  to  balls  or  blocks  of  metal,  P^,  P,,  P„  etc.,  sliding 
on  vertical  rods,  Rj,  R,,,  R,,  etc.,  placed  below  each  eccentric  wheel. 

When  the  axle  carrying  all  the  eccentrics  is  revolved  by  a  handle, 
W,  the  blocks  Pj,  P^,  Pj,  etc.,  will  rise  and  fall  with  a  nearly  simple 
harmonic  motion,  and  at  any  instant  all  the  blocks  will  be  situated  on 
a  sinuous  curve  of  continually  decreasing  amplitude.  As  the  eccentric 
axle  revolves  the  motion  of  the  balls  will  depict  the  progression  of  a 
wave  of  potential  along  a  cable  having  capacity,  inductance,  resistance, 
and  leakance. 

The  equations  (18)  and  (19)  contain  within  them  the  explanation 
of  the  limitations  of  telephony,  but  we  are  not  here  concerned  to 
discuss  them  generally. 

Since  we  are  limiting  our  discussion  to  the  effects  of  high  frequency 
currents,  we  can  reduce  the  complexity  of  the  above  expressions  to  a 
considerable  degree.  In  cases  where  p  is  large  the  term  ph  in 
equations  (13)  and  (14)  is  always  much  greater  numerically  than  R, 
and  likewise  the  numerical  value  of  pG  is  greater  than  that  of  K. 
Accordingly,  if  we  neglect  R  and  K  in  comparison  with  ph  and  jpC, 
the  equations  (13)  and  (14)  for  a  and  fi  reduce  to — 

2a2  =  RK (20) 

2/?  =  2/LC-RK (21) 

Therefore    y8«-a'=/LC (22) 

In  all  cases  hkely  to  be  met  with  in  practice,  RK  is  very  small 
compared  with  p'hC.  Hence  for  high  frequency  oscillations  it  is 
sufficient  to  take — 

a=V"pK (23) 

p=P^i^ (24) 

Since  cos  (fijr.  +  2w)  =  cos  fix,  it  follows  that  cos  fiT  =  cos  P\^x  +  -gj, 

2ir 

and  therefore  after  moving  along  the  conductor  a  distance  -^  the 

current  and  potential  again  repeat  themselves  in  value,  or  the  wave 

2'jr 
length  of  both  the  current  and  potential  curves  is  equal  to  ^.    Hence, 

since  in  all  cases  of  wave  motion  the  wave  velocity  W  is  connected 
with  the  frequency  n  and  the  wave  length  X  by  the  equation — 

W  =  wX (25) 
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and  since  X  =  -  -  and  P=p^ChAt  follows  that— 
P 

^  =  7^ •     •    •    (26) 

or  the  wave  velocity  is  inversely  as  the  oscillation  constant  of  the 
cable  per  unit  of  length. 

In  those  cases  in  which  the  insulation  of  the  surrounding  di- 
electric is  so  high  that  K  =  0,  and  if  ph  is  large  compared  with  R, 
the  vector  equations  (18)  and  (19)  for  the  potential  and  current  at  any 
point  in  the  wire  at  a  distance  x  from  the  origin  reduce  to — 

V  =  E(Qos^^x^j&m^^x) (27) 

^=^vl('"«':^-^"«^':^)  •  •  •  ^''^ 

We  see,  therefore,  that  in  such  a  case  the  current  in  the  wire  at 
any  point  is  determined  solely  by  the  capacity  and  inductance  per 
unit  of  length  of  the  wire,  and,  moreover,  that  on  account  of  the  shift 
of  phase,  the  current  is  not  even  in  the  same  direction  at  the  same 
time  at  all  points  in  the  conductor. 

At  two  places  not  very  far  apart  electricity  may  be  flowing  in 
opposite  directions  at  the  same  moment.  Also,  owing  to  the  periodic 
character  of  the  expressions,  the  same  values  of  V  and  /  repeat 
themselves  cyclically  as  z  continually  increases. 

The  expressions  (27)  and  (28)  are  vector  expressions  in  the 
form  a  +jb.  To  obtain  the  numerical  values  for  the  potential  and 
current  at  any  point  in  the  cable,  we  have  to  find  the  size  of  these 
vectors,  viz.  the  value  of  Va*  +  b'^,  and  to  obtain  the  actual  potential 
at  any  moment  we  have  to  take  the  real  part  or  horizontal  step  of  the 
vector,  viz.  a. 

Accordingly,  the  potential  v  at  any  distance  along  the  cable  x  from 
the  origin  is  given  by  the  equation — 

v  =  E  cos  ^^x (29) 

and  similarly  the  current  t  by — 

e  =  E  r^  cos   .  .c (30) 

V  L         A 

As  we  proceed  along  the  cable,  therefore,  the  current  and  potential 
are  distributed  at  any  moment  in  accordance  with  the  ordmates  of 
a  simple  sine  curve.     These  waves  of  potential  and  current  move 

along  the  cable  from  the  generating  end  with  a  speed  equal  to  " /pj' 

2.  Stationary  Electric  Waves  on  Wires  of  Finite  Length.— 

We  have  next  to  consider  the  changes  made  in  the  above  expressions 
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for  the  potential  and  current  in  the  linear  conductor  when  it  is  of 
finite  length. 

Consider  first  a  wire  infinitely  extended  in  hoth  directions.  At 
two  places  separated  hy  a  distance  21  let  two  simple  harmonic  electro- 
motive forces  of  opposite  sign  and  of  maximum  value  +E  and  —  E, 
that  is,  diflfering  in  phase  by  180°,  be  applied.  Then  in  the  space 
between  one  of  these  sources  and  the  point  halfway  between  the 
two  sources  it  is  clear  that  the  current  must  be  distributed  exactly 
as  is  the  case  in  a  finite  wire  of  length  /  with  one  simple  harmonic 
electromotive  force  of  maximum  value  E  placed  at  one  end  (see 
Fig.  3). 

For  it  is  clear  that  in  a  terminated  or  finite  cable  the  current  must 
always  be  zero  at  the  end  opposite  to  that  at  which  the  electromotive 
force  is  applied.  Also  in  the  case  of  the  two  opposite  electromotive 
forces  applied  at  a  distance  2Z  in  the  infinite  cable  it  is  obvious  that 
the  current  at  the  midpoint  must  always  be  zero.  Again,  we  may  cut 
away  all  that  part  of  the  infinite  cable  to  the  right  or  the  left  beyond 
the  points  of  application  of  the  electromotive  forces  without  aflfecting 
the  distribution  of  current  in  the  length  left  behind.  Hence  in  a 
piece  of  cable  of  finite  length  I  having  an  electromotive  force  E 


+  €  ^  -E 

Fig.  8.— Two  Sources  of  Alternating  Electromotive  Force  in  Opposite  Phases  .  . 
placed  in  an  Infinite  Gable. 

applied  at  one  end  the  distribution  of  current  must  be  the  same, 
point  for  point,  as  it  is  in  that  part  of  an  infinite  cable  which  con- 
stitutes the  half  of  the  intercept  between  the  points  of  application 
of  the  two  opposite  electromotive  forces  +E  and  —  E  separated  by  a 
distance  2/. 

We  have  seen  that  in  an  infinite  cable  the  current  /,  at  a  distance 
x  from  the  source  E,  is  given  by  the  equation — 


Hence,  at  a  distance  21  ^  x  from  a  source  —  E,  the  cun*ent  I.^ 
must  be — 

/,=  -E^^+^>^c-^<2^-) 

Now  consider  the  infinite  cable  with  the  two  sources  +E  and  —  E 
at  a  distance  21,  At  a  point  lying  to  the  right  of  +E  and  at  a  distance 
X  the  current  /  due  to  both  sources  must  be  the  algebraic  sum  of 
those  due  to  both  separately,  or  must  be  expressed  by — 


/=E-^"f"^^'^(c-^'-«-''^^'~'n     .     .     (31) 
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This,  therefore,  must  be  the  expression  for  the  current  in  a  finite 
conductor  of  length  /  having  an  electromotive  force  E  applied  at  one 
end,  the  equation  (31)  giving  us  the  current  at  a  point  at  a  distance  x 
from  the  source  of  electromotive  force  E. 

To  obtain  the  potential  V  we  must  refer  to  the  equation  (4), 
§  1,  and  note  that  /  and  V  are  connected  by  the  relation — ■ 

J^=(K+;>C)V (32) 

Hence,  differentiating  (31)  and  recollecting  that — 

P  =  VK  +jpG .  VR  +jph 
we  have — 

V  =  e{c-I'*+€-I'(2«-*)} (33) 

In  obtaining  this  last  equation,  we  must  note  that  since  the  x  in 
(32)  is  measured  in  the  direction  in  which  the  current  and  potential 
increase,  we  have  to  change  a;  to  —  a;  in  (32)  before  employing  it  here ; 
in  other  words,  we  must  take  the  relation  between  V  and  /  to  be 
given  by — 

^"  'K+'JpG'dx ^^^^ 

Therefore  we  see  that  the  current  in  the  finite  cable  of  length  I  with 
harmonic  electromotive  force  E  applied  at  one  end  is  obtained  by 
taking  the  difference  of  two  currents,  one  due  to  a  source  +E  at  the 
origin  and  the  other  to  an  electrical  image  of  this  source  (viz.  +E) 
placed  in  imagination  as  much  beyond  the  far  end  of  the  cable  as  the 
real  source  is  from  it. 

Also  the  potential  at  any  point  is  obtained  by  taking  the  sum  of  the 
potentials  separately  of  the  real  source  and  an  image  of  the  source 
reflected  in  the  far  end  of  the  cable. 

If  we  consider  that  K  may  be  neglected  in  comparison  with  |)C, 
and  also  R  in  comparison  with  |?L,  as  we  may  do,  when  dealing  with 
electrical  oscillations  in  ordinary  wires,  then  we  have  the  two  follow- 
ing vector  expressions  for  the  potential  V  and  current  /  at  any 
distance  a-  from  one  end  of  a  finite  wire  of  length  /,  a  simple  periodic 
electromotive  force  E  being  applied  at  the  origin,  viz. — 

V  =  e{c-P^  +  €-P(2^-«>} (35) 

/=E<^{c-P^-€-P(2Z-a.)|    ....     (36) 

But  under  the  above  conditions,  when  K  and  R  are  negligible 
compared  respectively  with  j^C  and^L,  we  have  seen  that  a  =  V^RK 
and  /?  =  pV^LC.  If  K  =  0,  then  a  =  0,  and  the  attenuation  is  zero. 
This  takes  place  when    the   conductivity  of  the   dielectric   is    zero. 
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Under  these  conditions  we  have  V  =jp  =  jp^s/Cht  ^^^  the  equations 
(35)  and  (36)  may  be  written  in  the  form — 


V  =  e{c-^'^^  +  c-i«2/-x)|      ....     (37) 
/=E^:^{c-i^*-c-i«2/-x)}  (38) 


or- 


V  =  eF/cos  fix  +  cos  fi{21  -  x)]  -  yjsin  fix  +  sin  fi(2l  +  a-)}]    (39) 
I  =  E^^{cos  fix  -  cos  )8(2/  -  .r)}  -  ;{8in  )8;z:  -  sin  ^9(2/  ~  a-)}]  (40) 

The  above  are  vector  expressions  of  the  form  A  +jB,  To  obtain 
the  scalar  values  or  size,  we  must  form  the  expressions  equivalent  to 
VA'  +  B*,  and  we  then  have — 

(V)  =  (E)V2  +  2  cos  2^(1^ x) (41) 

VC  ,       

(/)  =  (E);7^^2  -  2  cos  2)8(/ -  .r)     .     .     .     (42) 


*x 


Fia.  4.— Distribution  of  Potential  along  a  Finite  Cable  having  a  Simple  Periodic 
E.M.F.  placed  at  E  {Fundamental  OaciUation). 

where  (V),  (E),  and  (/)  stand  for  the  scalar  values  of  the  vectors  V, 
E,  and  /  respectively. 

In  the  above  equations,  if  we  put  a;  =  /,  we  have — 

(V)  =  2(E) 
(/)  =  0 

which  shows  that  at  the  free  end  of  the  wire  the  potential  rises  to 
twice  the  value  at  the  generator  end,  whilst  the  current,  of  course, 
is  zero. 

Bearing  in  mind  that  under  the  conditions  assumed  fi  =z\p^GL, 

and  also  the  velocity  of  propagation  of  the  wave  is  W  =-^p,and 

that  W  =  nX  where  A  is  the  wave  length,  we  have  as  a  consequence 

2ir 

fi  =  ~^r-  Also  let  the  length  /  of  the  conductor  be  some  multiple  of  A, 
so  that  /  =  7/jA. 
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Then  substituting  these  values  in  equations  (41)  and  (42)  and 
squaring,  we  have — 


(V)^  =  (E)'(2  -  2  cos  -^Jj) (43) 

(/)«  =  (E)^g(2  +  2  cos  ^aj) (44) 


These  equations  give  us  the  numerical  value  of  the  maximum 
potential  and  current  during  the  phase  at  any  point  in  the  cable. 
We  will  apply  them  to  certain  instances.     Let  the  length  of  the 

cable  be  one-quarter  of  a  wave  length,  then  when  .r  =  /  =  j  we  have 

(V)  =  2(E),  and  (/)  =  0.     Also  when  x  =  0  we  have  (^  =  0  and 

/=2(E)-^         Accordingly,  in  this  case  there  is  a  steady  increase 

of  potential  and  decrease  of  current  all  the  way  from  the  origin  to 
the  open  or  free  end  of  the  cable.  This  distribution  of  potential  may 
be  represented  by  the  ordinates  of  the  dotted  line  in  Fig.  4,  where 
the  thick  black  line  represents  the  cable,  E  being  the  end  at  which 
the  electromotive  force  is  applied  and  0  the  free  or  insulated  end 
of  the  cable. 


i^^jl: 
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Pig.  5.— Distribution  of  Potential  along  a  Finite  Cable  having  a  Simple  Periodic 
E.M.F.  placed  at  E  {First  Harmonic  Oscillation). 

3X 
Again,  suppose  we  take  the  length  of  the  cable  equal  to   .  .    Then 

X         A         3A 
at  the  distances  3;  =  0,  rr  =  -,  j  =  -,  j  =  ---,  we  have  (V)  =  0,  (V)  =  2(E), 

(V)  =  0,  (V)  =  2(E).  ,       ,        . 

There  are,  therefore,  loops  and  nodes  of  potential,  and  similarly 
loops  and  nodes  of  current.  The  current,  however,  is  a  maximum  at 
those  points  at  which  the  potential  is  zero,  and  nre  verm. 

The  distribution  of  potential  may  be  represented  by  the  ordinates 
of  the  dotted  line  in  Fig.  5. 

In  the  same  manner,  if  we  take  /  =  7  X  and  examine  the  distribution 

of  potential,  we  always  find  it  to  be  a  maximum  at  the  free  end  0, 

whilst  at  that  point  the   current  is  zero.     Also   the  potential  is  a 

maximum  at  a  distance  7  from  the^ree^^nd,  and  there  are  loops  and 

nodes  of  potential  separated  by  distances  j,  as  shown  by  the  ordinates 
of  the  dotted  line  in  Fig.  6. 
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If,  then,  the  wire  or  conductor  has  a  length  which  is  any  exact 
multiple  of  one-quarter  of  a  wave  length,  so  that  /  =  M7  where  M  is 

any  integer  number,  then  it  is  easy  to  show  that  there  will  be  — s — 

loops  of  potential  and  the  same  number  of  nodes,  including  those  at 
the  beginning  and  end  of  the  wire.  Thus  if  M  =  1  there  is  one  loop 
at  the  free  end  and  one  node  at  the  generator  end.  If  M  =  3  there 
are  two  loops  and  two  nodes,  and  so  on.  y.  m-  *^  -''^-  <     i/  -  •   f 

It  is  clear,  therefore,  that  if  a  conductor  has  a  length  equal  to  some 
exact  integer  multiple  of  the  quarter  wave  length  of  any  harmonic 
electric  oscillation,  and  if  a  simple  periodic  or  sinoidal  electromotive 
force  having  the  corresponding  frequency  is  applied  at  one  end,  we 
have  stdtionary  electric  waves  of  potential  and  current  set  up  on  the  wire, 
that  is,  a  distribution  of  potential  and  current  varying  from  point  to 
point  along  the  wire  in  accordance  with  the  ordinates  of  a  sine  cmrve. 

We  may,  if  we  please,  consider  that  this  is  due  to  the  interference 
of  waves  reflected  at  the  open  end  of  the  wire  with  those  which  are 

travelling  up  the  wire  with  a  velocity  -j-      from  the  source. 


^d^ 


-^ fX ► 

Fia.  6.~Di8tribution  of  Potential  along  a  Finite  Cable,  OE,  having  a  Simple 
Periodic  E.M.F.  placed  at  E  {fiecond  Harmonic  Oscillation), 

There  is  a  perfect  analogy  between  this  electrical  phenomenon  and 
the  stationary  aerial  waves  produced  in  stopped  organ  pipes,  the 
stopped  end  corresponding  to  the  insulated  end  of  the  wire.  Electric 
potential  corresponds,  then,  to  air  pressure,  and  electric  current  to 
velocity  of  the  air  particles. 

We  may  refer  the  reader  to  any  good  treatise  on  acoustics  for  a 
full  description  of  the  mode  of  production  of  these  stationary  air  waves 
in  open  or  closed  pipes,  and  a  knowledge  of  these  acoustic  eflfects  is  of 
assistance  in  comprehending  the  corresponding  electrical  phenomena. 
Otherwise  we  may  compare  the  electric  vibrations  set  up  on  wires  or 
helices  with  the  stationary  waves  produced  in  stretched  cords  when 
put  in  transverse  vibration. 

3.  Effect  of  Damping  upon  the  Stationary  Waves  on  Wires.— 
If  we  do  not  neglect  the  damping  or  attenuation  of  the  waves  propa- 
gated along  the  finite  wire,  the  expressions  for  the  current  and  potential 
at  any  point  become  a  little  more  complicated,  but  are  easily  obtained. 
Referring  to  equations  (33)  and  (31)  for  the  potential  and  current  at 
any  point  in  the  insulated  wire,  we  have — 

V  =  e{c-P^  +  €-P(2^-^)} (45) 

/=E^"ft^^?{€-^--€-^(2'^^^^        .     .     (46) 
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If  we  put  P  =  a  +;/?,  we  then  have — 

V  =  e[{c-«^  cos  fij-  +  c-"^''^'-^)  COS  )8(2/  -  x)] 

-;{c-«*  sin  fix  +  €-<-"-*  sin  /?(2/  -  x)}l 

This  is  a  vector  equation  in  the  form  V  =  A  +jB. 

If  we  scalarize  or  find  the  size  of  the  vector,  we  have — 

00=  VA»  +  B» 


(V)  =  (E)V€-*^«^  +  c-2«(2Z-aj)^2c-2'«'cos2)S(r-:K)    .     (47) 
The  above  equation  may  be  written — 


(V)  =  (E)c-«* Vl  +  €-*«('-*)  +  2€-2a(Z-a:)  ^g  2)8(/  -  x) .     (48) 

If  a;  =  /,  we  have  (V)  =  2(E)c-«^. 

In  the  same  way,  if  we  take  the  expression  for  /  in  (46)  and 
write  it  out,  we  have — 


-;{c-«*  sin  px  -  €-«(2'-*)  sin  p{2l  -  «)}] 

This  is  a  vector  expression  of  the  form  \(f  + /A.  and  hence. 

by  the  rule  given  on  p.  208  for  obtaining  the  size  of  such  a  vector,  we 
have — 

(/)  =  (E)(|^t^g)*^/7-2«'"i +  €-2.(2i-x)  r2c-2a/  c^^(7^  7) 

(49) 
Itx  =  l,  we  have  (/)  =  0. 
We  may  also  write  equations  (48)  and  (49)  in  the  form — 

(V)'  =  (E)'€-2««{l  +  e-MJ-a)  +  2c-2«('-*)  cos  2^8(7  -  /))      (^) 

(/)*  =  (E)=^^--i^^^'c-2'"'{l  +  c-4«(J-x)  _  2€-^'-')eos2^l-x)} 

"'■^  (51) 

In  each  of  these  expressions  for  the  potential  and  current  in  the 
conductor  at  any  point  x,  the  quantity  in  the  bracket  consists  of  an 
exponential  part  which  varies  steadily  with  x,  and  a  periodic  or  cosine 
term  which  varies  periodically.  This  last  term  is  more  pronounced  in 
its  eflfect  in  proportion  as  fi  is  large  and  a  small.  Hence,  if  we  made 
the  resistance  of  the  cable  per  unit  of  length  small  and  the  inductance 
large,  also  if  we  increase  the  capacity  and  reduce  the  leakage  per  unit 
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of  length  as  much  as  possible,  we  shall  get  more  marked  loops  and 
nodes  than  if  the  inductance  is  small. 

An  important  consequence  follows  from  this.  We  can  by  coiling 
the  wire  into  a  spiral  of  a  single  layer  of  wire  in  closely  adjacent  turns 
increase  the  inductance  per  unit  length  of  the  spiral.  The  spiral  wire 
acts  like  a  linear  conductor  of  abnormally  large  inductance,  and  hence 
the  spiralization  promotes  the  formation  of  marked  loops  and  nodes. 

Accordingly,  the  effect  of  large  wire  resistance  or  large  insulation 
conductance  per  unit  of  length  of  the  conductor  is  to  damp  out  all 
evidence  of  loops  and  nodes  or  stationary  waves  on  the  wires.  On  the 
other  hand,  the  effect  of  large  inductance  and  capacity  per  unit  of 
length  of  the  conductor  is  to  render  more  evident  the  phenomena  of 
stationary  electric  waves. 

i.  ExperimentiJ  Produotion  of  Stationary  Eleotrio  WaTes 
upon  Spiral  Wires. — The  above  theoretical  investigation  can  be 
tested  and  beautifully  illustrated  by  means  of  experiments  carried  out 
with  insulated  wire  helices  on  which  stationary  electric  waves  may  be 
formed. 

If  we  wind  on  a  non-conducting  rod  a  helix  of  insulated  wire  in 
one  single  layer  of  closely  adjacent  turns,  we  have  a  conductor  which 
may  be  regarded  as  a  cylindncal  conductor  having  a  certain  capacity, 
inductance,  resistance,  and  insulation  per  unit  of  length. 

The  length  of  the  conductor  is  the  length  of  the  spiral,  not  the 
length  of  the  wire  forming  it,  and  by  capacity  and  inductance  per  unit 
length  of  the  spiral  is  meant  the  whole  capacity  or  inductance  as  it 
stands  divided  by  the  length  of  the  spiral. 

We  have  already  seen  that  the  inductance  of  a  spiral  of  this  kind 
can  be  nearly  predetermined,  if  the  ratio  of  length  to  diameter  is  large, 
by  the  formula — 

L=       ^ 

where  I  is  the  length,  D  the  diameter,  and  N  the  total  number  of 
turns  on  the  spiral.  Hence  the  inductance  per  unit  of  length  is  equal 
to  (fl-DN')*  where  N'  is  the  number  of  turns  per  unit  of  length  of  the 
spiral.  Since  the  length  of  wire  wound  on  one  unit  of  length  of  the 
spiral  is  ttDN',  we  have  the  rule  that  the  inductance  of  such  a  spiral 
per  unit  of  length  is  numerically  equal  to  the  square  of  the  length  in 
centimetres  of  the  wire  wound  on  per  unit  of  length  of  the  helix.  We 
can  therefore  make  it  large  by  employing  a  fine  wire.  Again,  the 
capacity  of  such  a  helix  is  not  much  different  from  that  of  a  metallic 
cylinder  of  the  same  external  dimensions,  and  therefore  not  much 
affected  by  the  size  of  the  wire  used.  We  can  therefore  increase  the 
inductance  per  unit  of  length  (L)  without  increasing  the  capacity  per 
unit  of  length.  Also,  we  can  keep  down  the  resistance  per  unit  of 
length  by  using  a  wire  of  high  conductivity,  and  we  can  make  the 
insulation  high  by  covering  it  with  silk  and  winding  the  wire  on  an 
ebonite  tube.     By  these  means  we  can_  make  a  conductor  of  linear 


V**" 


form,  for  which  the  constant  a  =  \/  '  9  "  is  small  compared  with 
P  =  7; VOL,  and  therefore,  as  above  explained,  the  nodes  and  loops 
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will  be  sharply  marked  when  stationary  electric  waves  are  formed 
upon  it. 

For  this  purpose  a  helix  of  insulated  wire  of  the  following  dimen- 
sions is  convenient : — 

On  an  ebonite  rod  or  thick  tube  215  cms.  long  and  4-75  cms.  in 
diameter  and  circular  section  is  wound  a  helix  of  silk-covered  copper 
wire,  consisting  of  6466  closely  adjacent  turns  in  one  layer. 

This  helix  of  wire  is  210  cms.  in  length,  and  each  turn  has  a  mean  dia- 
meter of  4-78  cms.  Hence  the  total  inductance  is  3207  x  10*  cms.,  and 
the  inductance  per  centimetre  of  length  of  the  helix  is  1*627  x  10*  cms. 
If  this  helix  is  placed  in  a  horizontal  position  at  a  height  of  60  cms.  or 
so  above  a  table  supported  on  insulating  stands,  we  can  measure  its 
capacity  with  respect  to  the  earth,  and  for  the  helix  above  described 
it  is  found  to  be  46  micro-mfds.*  Hence  the  capacity  per  unit  of 
length  0  is  ^  micro-mfd. 

An  electric    wave,  therefore,    travels  along  this   spiral  with   a 

velocity  of    ,^^,  which  in  this  case  is  1748  x  10*  cms.  per  second. 

This  velocity  is  about  yao^^  P*'''^  ^^  ^^®  velocity  of  light. 

Hertz  has  described  an  experiment  in  which  he  estabhshed 
stationary  electric  waves  on  a  spiral  vdre  and  compared  the  int^- 
nodal  distances  with  those  which  would  be  formed  if  the  wire  were 
stretched  out  straight,  and  he  found  that  in  the  former  case  the 
velocity  of  the  wave  was  much  less  than  that  of  light.* 

H.  0.  Pocklington  has  treated  the  matter  theoretically,  and  he  also 
shows  that  the  velocity  of  the  electric  wave  along  a  spiral  is  less  than 
its  velocity  along  the  same  wire  stretched  out  straight.  From  the 
theory  given  above  it  is  clear  that  this  is  due  to  the  greatly  increased 
inductance  per  unit  of  length  of  the  spiral  as  compared  with  the 
simple  linear  wire.' 

We  can  then  proceed  to  set  up  stationary  electric  oscUlations  on 
the  above-described  spiral  wire  as  follows:  A  condenser  of  variable 
capacity  and  a  variable  inductance  are  joined  in  series  with  each 
other  and  with  a  spark  gap.  For  this  purpose  a  condenser  made  as 
follows  is  convenient.  Eectangular  pieces  of  good  sheet  ebonite 
20  X  22*6  cms.  and  3  mms.  in  thickness  are  coated  on  both  sides 
with  tinfoil,  the  area  of  each  tinfoil  sheet  being  16  x  176  cms. 
Twenty-four  of  these  plates  are  prepared  and  grouped  in  six  sections, 
each  of  four  plates.  The  tinfoil  sheets  have  tinfoil  lugs  attached  to 
them,  and  in  each  set  of  four  plates  the  tinfoils  are  so  joined  up  so  as 
to  make  a  condenser  of  nearly  0001  mfd.  capacity.  The  whole  set  of 
six  condensers  then  has  a  capacity  of  0006  mfd.,  and  they  can  be 
joined  partly  in  series  and  partly  in  parallel.  These  six  bundles  of 
four  ebonite  plates  are  bound  with  silk  and  immersed  in  an  ebonite  box 
filled  with  vaseline  oil  free  from  water. 

In  a  condenser  so  made  by  the  author  there  were  slight  differences 

^  See  J.  A.  Fleming,  ^'  On  the  Propagation  of  Electric  Waves  along  Spiral 
Wires,"  Phil.  Mag.,  Oct.,  1904,  ser.  6,  vol.  8,  p.  433. 

*  See  "  Electric  Waves,"  H.  Hertz,  English  translation  by  D.  L.  Jones, 
pp.  168.  169. 

»  See  H.  C.  Pocklington,  "  Electric  Oscillations  in  Wires,"  Proc,  Camb,  Phil. 
Soc.,  Oct.  26, 1897,  vol.  ix.,  p.  824. 
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in  capacity  between  the  six  condensers,  but  when  all  were  joined  in 
parallel  the  measured  capacity  was  0006836  mfd.,  and  when  the  six 
were  joined  in  two  groups  of  three  condensers,  each  in  series,  the  two 
sets  being  in  parallel,  it  gave  a  condenser  of  0*001461  mfd.  These 
capacities  can  be  accurately  determined  by  means  of  the  revolving 
switch  described  in  Chapter  II.,  p.  121.  The  variable  inductance  may 
conveniently  take  the  form  of  a  helix  of  thick  copper  wire  with 
movable  contact,  as  described  in  Chapter  II.,  p.  110. 

The  spark  gap  should  consist  of  a  pair  of  zinc  balls  adjustable  as 
to  distance.  They  should  be  enclosed  in  a  wooden  box  to  reduce 
noise  and  prevent  stray  light. 

The  spark  balls  S,  condenser  C,  or  condensers  Ci  and  C3,  and 
variable  inductance  L,  are  then  joined  up  with  the  long  insulated 
helix  H,  as  shown  diagrammatically  in  Fig.  7.  The  secondary 
terminals  of  an  induction  coil  I  are  connected  to  the  spark  balls,  and 
one  spark  ball,  namely,  that  next  to  the  inductance  coil  L,  is  con- 
nected to  the  earth  E,  that  is,  to  a  gas  or  water  pipe,  by  a  wire.     On 


Fio.  7. — Arrangement  for  producing  Stationary  Electric  Waves  on  a  Long  Helix, 
H,  H,  by  the  Oscillations  in  a  Condenser  Circuit  possessing  Inductance  and  a 
Spark  Gap. 

starting  the  induction  coil  oscillations  are  set  up  in  the  condenser 
circuit,  the  frequency  n  of  which  is  given  by  the  formula — 

6x  10« 
VOL 

The  velocity  W  with  which  the  wave   travels  up  the   hehx  is 
given  by — 

W  =     ,i_  =  nk 
VC,Li 

where  Ci  and  Lj  arc  the  capacity  and  inductance  of  the  heUx  per 
unit  of  length. 

Also  for  the  production  of  stationary  waves  we  must  have  the 
wave  length  \  of  the  stationary  wave  on  the  helix  so  adjusted  that — 

where  m  is  unity  or  some  odd  integer  number,  and  /  is  the  length  of 
the  heUx. 
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Combining  these  equations,  we  have — 

^  ^       1      ^  5  X  10-  4/ 

VGA     ~VCL-m     •     •     •     •    ^^2) 

20/  X  10«  , 

or     VCL  = ^;p~VC,L, (53) 

If,  therefore,  we  adjust  the  oscilkUion  constant  \^CL  of  the  condenser 
circuit  to  be  equal  to  20/  x  lOg  x  VCiL,,  divided  respectively  by 
1,  3,  5,  7,  we  then  shall  find  that  when  the  oscillations  are  established 
in  the  condenser  circuit,  resonant  stationary  oscillations  are  set  up 
on  the  helix. 

These  will  show  themselves  by  making  strong  electric  brush  dis- 
charges into  the  air  at  the  insulated  end  of  the  helix,  and  at  the 
loops  or  antinodes,  and  in  a  dark  room  the  helix  will  be  seen  to  be 
surrounded  by  a  glow  of  light,  which  is  brightest  at  the  antinodes  of 
potential.  It  can,  however,  be  best  detected  and  the  position  of  the 
nodes  fixed  by  holding  a  vacuum  tube  of  the  spectrum  type  filled 
with  rarefied  neon  near  the  tube. 

Neon  is  one  of  the  rare  atmospheric  gases  discovered  by  Sir 
William  Ramsay,  and  Sir  James  Dewar  has  shown  that  it  can  be 
extracted  from  it  by  absorbing  the  oxygen,  nitrogen,  and  other  com- 


Fig.  8.— Neon  Vacuum  Tube. 

moner  constituents  of  air  by  means  of  cocoanut  charcoal  cooled  with 
liquid  hydrogen  or  liquid  air.  The  author  found  some  time  ago  that 
a  vacuum  tube  of  the  spectrum  type  with  a  very  small  bore,  not  more 
than  1  mm.  in  the  straight  part  of  the  tube  (see  Fig.  8),  when  filled 
with  rarefied  neon,  formed  an  excellent  and  most  sensitive  means  of 
detecting  a  high  frequency  electric  field.  The  tube  then  glows  with 
a  bright  red-orange  Ught,  which  is  visible  in  broad  daylight.  If  such 
a  tube  cannot  be  obtained,  then  one  of  the  same  form,  made  with 
uranium  glass  and  filled  with  rarefied  carbonic  dioxide  gas,  will 
answer  the  purpose  fairly  well. 

To  locate  the  loops  and  nodes,  the  vacuum  tube  must  be  held 
over  the  helix  and  perpendicular  to  it,  and  at  varying  distances  from 
it,  and  moved  along  parallel  to  itself.  It  will  then  be  found  that  in 
some  positions  it  glows  brightly,  whilst  in  others  it  does  not,  and  a 
very  slight  movement  on  either  side  of  the  last  positions  will  make 
the  tube  illuminate  again.  These  non-glowing  positions  are  just  over 
the  nodes  of  potential  on  the  helix.  If  a  boxwood  scale  divided  into 
centimetres  and  milUmetres  is  placed  below  the  helix  and  at  about 
10  cms.  from  it,  it  is  possible  to  read  off  the  distance  from  the  end  of 
the  helix  at  which  these  antinodes  and  nodes  of  potential  exist,  as 
shown  by  the  positions  at  which  the  neon  or  other  vacuum  tube 
glows  or  does  not  glow  brightly.  We  can  then  adjust  the  inductance 
in  the  condenser  circuit  and  the  capacity  of  the  latter,  until  we  so 
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arrange  matters  that  we  have  a  good  electric  brush  at  the  end  of 
the  helix  farthest  from  the  condenser,  and  either  no  node  or  else 
1,  2,  3,  4,  etc.,  nodes  of  potential,  indicating  that  the  helix  has 
established  on  it  either  its  fundamental  or  its  1st,  2nd,  drd,  etc., 
harmonic  oscillation,  as  shown  by  the  existence  of  |  of  a  stationary 
wave  or  f,  |,  ^,  etc.,  stationary  waves. 

In  a  research  of  this  character  the  author  found  that,  with  a  helix 
as  above  described,  the  nodes  and  antinodes  of  potential  were  distri- 
buted as  shown  by  the  ordinates  of  the  dotted  lines  in  Fig.  9.  The 
numbers  given  underneath  the  diagram,  OE  representing  the  helix, 
show  the  intemodal  distances  in  centimetres,  and  the  distance  of  the 
first  potential  node  from  the  open  end  O  of  the  helix.  Two  things 
are  at  once  noticeable. 

(1)  The  internodal  distances  are  not  equal,  but  increase  towards 
the  end  of  the  helix  which  is  attached  to  the  condenser.  This  seems 
to  show  that  the  velocity  of  the  wave  is  not  the  same  at  all  parts  of 
the  helix,  but  is  rather  greater  near  the  condenser  end  E.  This  may 
be  due  to  the  free  ends  of  the  helix  having  a  slightly  smaller  inductance 
per  unit  of  length  than  the  middle  portions. 

(2)  The  distance  from  the  open  end  of  the  helix  O  to  the  first 
node  of  potential  N,  is  always  less  than  half  the  distance  NiNj  between 
the  two  succeeding  nodes,  or  any  pair  of  succeeding  nodes. 

The  velocity  of  the  wave  along  the  helix  can  be  ascertained  by 
measuring  the  wave  length  of  the  stationary  wave  on  the  helix,  which 
is  equal  to  twice  the  distance  NiN,  between  the  first  and  second  nodes, 
and  also  ascertaining  the  frequency  of  the  oscillations. 

The  frequency  can  be  ascertained  from  the  condenser  capacity  and 
the  inductance  in  the  main  oscillating  circuit.  In  experiments  by  the 
author*  the  real  value  of  the  inductance  used  corresponding  to  certain 
scale  readings  of  the  variable  spiral  inductance  employed  was  carefully 
ascertained  by  comparing  it  with  the  inductance  of  certain  squares  of 
copper  wire  of  known  size.  In  this  way  a  series  of  observations  was 
made,  noting  the  capacity  C  in  the  condenser  circuit,  the  inductance 
L,  the  calculated  frequency  «,  the  observed  stationary  wave  length  X 
on  the  helix,  and  from  these  data  the  velocity  of  the  wave  (W)  was 
calculated.     The  results  are  shown  in  the  table  below. 


OscllUtioD. 

CADuHyin 
[  mfds.  in  con- 
denser  drcalt, 

1        c. 

InducUnce  in 
cms.  iti  con- 
denser drcait. 

Calcnlated 

fteqnency. 

n. 

Observed 
wave  length. 

Calcalated 

Fondamental  . 
Ist  harmonic  . 
2nd        „ 
8rd         „ 
4th         „ 
6th        „ 

.       0-005836 
0-002887 
0001461 

.       0-001464 
0001461 
0001461 

110,000 

26,000 

18,000 

9,000 

6,000 

6,000 

0-197  X  10* 
0-688     „ 
0-977     „ 
1-879     „ 
1-70      „ 
1-9        „ 

(871) 

292 

175 

124 

95 

80 

(172  X  10«) 
172      „ 
172     „ 
171      „ 
163     „ 
152     „ 

It  will  be  seen  that  for  the  first  three  harmonics  the  wave  velocity 

*  See  J.  A.  Fleming,  **  On  the  Propagation  of  Electric  Waves  along  Spiral  Wires," 
I'hil,  Mag.,  Oct.,  1904,  ser.  6,  vol.  8,  p,  417. 
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is  nearly  172  x  10*  cms.  per  second,  and  this  agrees  very  well  with  the 
velocity  174  X  10°  cms.  per  second  calculated  from  the  measured 
inductance  and  capacity  of  the  spiral  per  unit  of  length.     There  is, 
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Fig.  9. — ^Diagrams  representing  the  Stationary  Potential  Waves  set  up  on  a  Long 
Helix,  OE,  by  a  High  Frequency  E.M.F.  applied  at  one  End,  E.  The 
Distance  of  the  Dotted  Lines  from  the  Helix  represents  the  Potential  Ampli- 
tude at  that  Point  of  the  Helix. 

however,  a  falling  off  in  the  value  of  W  for  higher  harmonics.  This 
may  be  due  to  inaccuracy  in  measuring  the  small  values  of  the  induct- 
ance L  or  else  to  some  cause  not  yet  ascertained. 
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Two  points  call  for  notice.  If  we  employ  the  velocity,  viz. 
172  X  lO"  cms.  per  second,  obtained  from  observation  made  on  the 
wave  lengths  of  the  first,  second,  and  third  harmonics  to  calculate 
back  the  wave  length  of  the  fundamental  oscillations,  we  find  this  last 
to  be  871  cms.  The  length  of  the  helix  was  210  cms.  Hence  it  is 
clear  that  the  fundamental  wave  length  is  rather  more  than  four  times 
the  length  of  the  helix. 

In  the  next  place  the  distance  from  the  open  end  of  the  helix  to 
the  first  node  of  potential  is  always  decidedly  less  than  one  quarter  of 
the  corresponding  wave  length,  that  is,  it  is  less  than  half  the  distance 
between  the  two  succeeding  nodes  of  potential.  In  fact,  the  wave 
length  is  more  nearly  equal  iofive  /tm«.s  the  distance  from  the  open  end 
to  the  first  node. 

This  indicates  that  the  simple  theory  above  given  is  not  sufficient 
to  fit  the  facts.  A  more  complete  theory  of  the  production  of 
stationary  electric  waves  on  open  circuits 
has  been  given  by  Mr.  H.  M.  Macdonald.*^ 
In  this  investigation  he  shows  that  if  the 
fundamental  electrical  oscillation  is  set 
up  on  a  perfectly  straight  insulated  wire, 
it  consists  in  an  oscillation  such  that  the 
centre  of  the  wire  is  a  node  of  potential 
and  the  two  extremities  are  antinodes, 
but  the  wave  length  of  the  oscillation  set 
up  is  shown  to  be  not  simply  twice  the 
length  of  the  wire,  as  the  simple  theory 
given  in  §  4  of  this  chapter  would  in- 
dicate, but  2*53  times  the  length  of  the 
wire.  Hence  this  indicates  that  if  a  wire 
has  a  high  frequency  electromotive  force 
applied  at  one  end  and  the  length  of  the 
wire  is  so  adjusted  that  there  is  an  anti- 
node  of  potential  at  the  other  end, 'the 
wire  vibrating  in  its  fundamental  oscilla- 
tion, then  the  length  of  the  wave  must 
be  nearly  five  times  that  of  the  wire.  It 
is  impossible  to  verify  this  with  the 
fundamental  oscillation  of  a  single  wire, 
because  we  cannot  make  a  sufficiently 
sharp  measurement  of  the  position  of  the 
node,  but  in  the  case  where  the  wire  has 
a  higher  harmonic  oscillation  produced 
upon  it,  as  in  the  experiments  of  the 
author  above  described  with  the  spiral, 
we  can  ascertain  the  length  of  the  wave 
by  measuring  the  distance  between  the 
first  and  second  node,  and  then  ascertain 
also  the  distance  from  the  first  node  to  the  open  end  of  the  wire, 
and  we  find,  as  shown  in  the  diagram  in  Fig.  9,  that  the  distance 
from   the   end  of    the   wire   to   the   first   node    is   to  the   distance 


Earth 

Fig.  10.  —  Arrangement  of 
Seibt*8  Apparatus  for  ex- 
hibiting Stationary  Potential 
Waves  on  a  Vertical  Helix. 
J,  induction  coil;  C,,  C,, 
condensers;  F,  spark  balls; 
L|,  L^y  adjustable  induct- 
ances ;  i2,  helix. 


*  Adams*  Prize  Essay,  by  H.  M.  Macdonald,  ' 
University  Press,  1902,  see  p.  111. 


Electric  Waves,"  Cambridge 


258 


STATIONARY   ELECTRIC   WAVES   ON   WIRES 


between  the  first  and  second  nodes  very  nearly  in  the  ratio  of  the 
numbers  2  to  5. 

It  will  be  seen,  by  referring  to  Fig.  9  delineating  the  above  described 
experiments  with  stationary  waves  on  spiral  wires,  that  for  the  second 
harmonic  the  ratio  of  ON^  to  N,N,  is  34  to  80,  which  is  exactly  as  2 
to  6,  and  for  the  third  harmonic  the  ratio  of  ONj  to  NiNj  is  as  23  to 
57,  which  are  also  very  nearly  as  2  to  5,  and  the  same  with  the  fourth 
and  fifth  harmonics. 


Fig.  11. — Perspective  View  of  Condenser  Circuit  of  Seibt'a  Apparatus,  as  made  by 
F.  Emecke  of  Berlin.  C^  C*,  Leyden  jars  ;  F,  spark  balls  in  a  box  ;  L^  L', 
variable  inductance  coil. 


These  observations,  therefore,  with  the  spiral  so  far  confirm 
Macdonald's  theory. 

Another  method  of  exhibiting  these  nodes  and  loops  on  a  spiral 
wire  was  devised  by  G.  Seibt.® 

Seibt's  method  is  to  place  a  spiral  of  insulated  wire  woimd  on 
a  wooden  rod  in  a  vertical  position  and  to  stretch  alongside  of  it  and 
parallel  to  it,  a  few  centimetres  away,  a  very  fine  bare  wire  which 
is  connected  to  the  earth.     The  spiral  is  connected  at  bottom  end 

•  See   '*  Elektrische   Drahtwellen,"    Elccktrotechnische   Zeitschrift^  April   10, 
17,  24,  May  1,  8,  1892,  vol.  xxiii. 
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to  an  oscillating  circuit  consisting  of  a  couple  of  Leyden  jars,  a  spark 
gap,  and  a  variable  inductance,  and  oscillations  are  excited  in  this 
as  usual  by  an  induction  coil.  The  apparatus  is  as  represented  in 
Pigs.  10  and  11. 

When  oscillations  are  set  up  in  the  Leyden  jar  circuit,  and  the 
inductance  varied  so  as  to  give  the  frequency  of  these  oscillations 
the  proper  value  for  exciting  either  the  fundamental  or  the  higher 
harmonic  oscillations  in  the  spiral,  then  an  electric  brush  discharge 
takes  place  between  the  surface  of  the  spiral  and  the  parallel  earth 
wire.     See  Pig.  12. 

If  the  spiral  is  vibrating  in  its  fundamental  manner,  then  its  glow 
is  very  brilliant  at  the  top,  and  drops  away  to  nothing  down  at  the 
bottom ;  but  if  it  is  vibrating  in  its  higher  harmonics,  then  the  glow 
is  distributed  in  patches,  the  brightest  points  marking  the  position  of 
the  antinodes  of  potential.  This  experiment  forms  a  very  beautiful 
one,  but  it  can  only  be  seen  in  a  perfectly  dark  room.  Moreover,  the 
position  of  the  nodes  and  antinodes  cannot  be  fixed  with  great 
accuracy,  but  it  serves  to  render  visible,  in  a  sense,  these  stationary 
waves.  Again,  if  a  brass  rod  terminating  in  a  knob  is  taken  in  the 
hand  and  the  knob  held  near  the  top  of  the  spiral  when  vibrating  in 
its  fundamental  manner,  very  long  thin  sparks  can  be  drawn  from  it, 
and  a  strong  electric  brush  proceeds  from  the  end  of  the  helix.  If 
the  knob  at  the  end  of  the  rod  is  carried  down  the  spiral,  it  will  be 
found  that  the  spark  drawn  becomes  shorter  but  more  brilliant  as  it 
is  taken  lower  down. 

This  indicates  the  gradual  decrease  in  the  potential  amplitude  as 
we  pass  from  the  open  or  insulating  end  of  the  spiral  to  the  condenser 
end,  and  also  it  indicates  the  gradual  increase  of  the  current,  the 
current  flowing  into  the  helix  being  a  maximum  at  the  lower  end  of 
the  spiral  and  the  potential  amplitude  a  maximum  at  the  upper  end. 

It  will  be  seen,  therefore,  that  to  excite  the  fundamental  oscillation 
in  the  spiral  we  must  apply  to  the  bottom  end  a  high  frequency 
electromotive  force,  the  frequency  of  which  is  such  that  the  wave 
produced  by  it  travels  a  distance  rather  more  than  four  times  the 
length  of  the  sphul  during  the  time  of  one  period.  We  have  seen 
that  the  velcScity  with  which  the  wave  travels  along  the  spiral  is 

measured  by    r^  ^    where  Ci  is  the  capacity  of  the  spiral  per  junit 

of  length  and  L^  is  its  inductance,  hence  the  frequency  n  required  to 
produce  the  fundamental  oscillation  is  given  by  the  equation — 

"  =  x-7c,L. (^^) 

In  the  above  expression  A.  is  the  wave  length  of  the  fundamental 
oscillation,  which,  according  to  the  simple  theory,  is  four  times  the 
length  of  the  spiral,  and,  according  to  Macdonald's  theory,  five  times 
the  length  of  the  spiral ;  but,  as  far  as  the  experiments  of  the  author 
go,  is,  in  fact,  nearly  4- 15  times  the  length  of  the  spiral.  Hence  we 
may  say  that  the  frequency  n^  required  to  produce  the  fundamental 
oscillation  on  a  spiral  of  length  I  is  given  by  the  equation — 
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Fig.  12.— Electric  Glow  Discharge  between  a  Vertical  Earth  Wire  and  a  Seibt 
Helix  when  connected  to  a  Condenser  Circuit  yielding  High  Frequency 
Oscillations,  (a)  Helix  exhibiting  fundamental  oscillation  (upper  end  in- 
sulated)J;  (6)1  helix  exhibiting  second  harmonic  oscillation  (upper  end  in- 
sulated) ;  (c)  helix  exhibiting  fundamental  oscillation  (upper  end  earthed). 
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4-15/VCiLi ^^^^ 


The  frequency  required  to  produce  the  first  harmonic,  or  the 
oscillation  having  one  node  about  one-third  of  the  way  from  the  open 
end  of  the  spiral,  is  3n^.  If  we  call  this  n^  we  have  for  the  frequency 
required  to  produce  the  first  harmonic  the  expression — 

"'  =  i2Wc;L: ^^^ 

In  the  same  way  the  frequency  w,  required  to  produce  the  second 
harmonic  is  five  times,  the  third  harmonic  seven  times,  that  required 
to  produce  the  fundamental  oscillation,  and,  generally  speaking,  the 
frequency  required  to  produce  the  mih  harmonic  is  (2m  +  1)  times  the 
frequency  of  the  fundamental.  Therefore  we  have,  for  the  frequency 
fim  required  to  produce  the  mth  harmonic  on  the  spiral  or  state  of 
electrical  vibration  with  m  modes  of  potential,  the  expression — 

n„,  =  I =_ (67) 

The  author  has  found  that  winding  the  spiral  on  a  wooden  rod 
is  a  mistake.  Ordinary  wood,  even  if  dry,  has  considerable  con- 
ductivity for  high  frequency  currents,  and  therefore  tends  to  give  the 
spiral  a  greater  capacity  as  the  frequency  increases.  This  creates 
a  disagreement  between  the  observed  facts  and  the  deductions  from 
theory. 

The  heUx  must  be  wound  on  either  an  ebonite  or  a  glass  rod. 
In  a  subsequent  chapter  (Chap.  VI.)  we  shall  see  how  such  a  helix 
may  be  used  as  a  cymometer  for  measuring  the  length  of  the  electric 
waves  radiated  from  an  aerial  wire  as  used  in  wireless  telegraphy. 

5.  Direot,  InduotiYe,  and  Eleotrostatio  Coupling.— In  establish- 
ing stationary  electric  waves  upon  wires,  a  high  frequency  electro- 
motive force  must  be  created  in  the  wire  at  some  point.  This  may  be 
done  in  one  of  three  ways,  which  are  respectively  called  the  di/rect, 
magnetic  or  imluriive,  and  eledrostatic  or  dielectric  cowpling. 

The  direct  coupling  consists  in  connecting  a  wire  on  which  it  is 
desired  to  establish  the  stationary  waves  directly  to  some  point  on  an 
oscillating  circuit  which  is  rising  and  falling  rapidly  in  potential ;  or 
we  may  connect  two  similar  wires  to  two  points  on  an  oscillating 
circuit  which  vary  oppositely  in  potential  at  the  same  moment.  The 
simplest  illustration  of  this  is  to  connect  to  the  inner  and  outer 
coating  of  a  Leyden  jar  two  long  wires  which  are  extended  horizontally. 
When  the  jar  is  discharged  (see  Fig.  13)  oscillations  are  set  up  and 
the  coatings  of  the  jar  rise  and  fall  rapidly  in  potential  in  opposite 
senses.  Hence  the  wires  have  periodic  electromotive  impulses  applied 
to  their  ends.  Just  as  when  a  rope  fixed  at  one  end  is  jerked  at  the 
other  and  a  hump  or  wave  runs  along  it,  so  in  the  case  of  the  electric 
wires  a  wave  of  potential  travels  along  the  wire  and  is  reflected  at  the 
insulated  end  and  runs  back.     The  velocity  with  which  the  wave  runs 
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along  the  wire  if  straight  is  the  velocity  of  light.     We  have  seen  (see 
Chap.  II.,  equation   28)  that  the  electrostatic  capacity  of  a  long 


_  B 


Fig.  18. — L,  Leyden  jar  having  inner  and  outer  coatings,  connected  to  resonant 
wires,  A,  B,  of  proper  length.    (Lodge.) 

circular-sectioned  wire  of  diameter  d  and  length  I  in  free  space  is 
nearly  given  by  the  expression — 


C  = 


21og.^^ 


wj  (in  electrostatic  units) 


•     (58) 


In  electromagnetic  measure  it  is  obtained  by  dividing  the  above 
expression  by  the  numerical  factor  9  x  10^.     Hence — 


C  = 


/ 


9x  10«'x21og« 


^  (in  electromagnetic  units)  .     (59) 


The  nimtiber  9  X  10**  is  the  square  of  the  electromagnetic  velocity  «, 
identical  with  the  velocity  of  hght. 

The  inductance  L  of  such  a  wire  in  electromagnetic  units  is 
given  by — 

L=2/(log.^^-l) (60) 

We  may  write  the  above  equation  in  the  form — 

L  =  2/(log.|+logc2-l)     .     .     .     (61) 

or    L  =  2/logc  ?^  -  0-3) (62) 

2/ 
If      is  large  compared  with  0*3,  we  can  say  that  for  this  wire— 


L  =  2/  loge 
/ 


2/ 


and  hence     V  CL  =  o  ^  i  qk 

1 


or 


vr- 


-=3  X  10^'*=  u 
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The  left-hand  side  of  the  above  equation  is  the  reciprocal  of  the 
square  root  of  the  product  of  the  capacity  and  inductance  of  the  wire 
per  unit  of  length,  and  this,  we  have  seen,  is  the  expression  for  the 
velocity  with  which  the  electric  wave  runs  along  the  wire.  The 
symbol  u  stands  for  the  number  3  x  10*",  or  the  velocity  of  light  in 
centimetres  per  second.  Therefore  the  wave  runs  along  the  straight 
wire  with  the  velocity  of  light.  It  is  reflected  at  the  open  end,  and  if  the 
frequency  is  adjusted  so  that  the  time  taken  by  the  wave  to  travel 
nearly  four  times  the  length  of  the  wire  is  equal  to  one  complete 
period  of  the  electromotive  force,  then  stationary  waves  are  produced 
on  the  wire  and  a  greatly  exalted  potential  ampUtude  occurs  at  the 
open  end. 

If  the  frequency  is  3,  5,  7,  etc.,  times  this  fundamental  frequency, 
then  higher  harmonic  oscillations  with  nodes  and  antinodes  of  potential 
are  formed  on  the  wire. 

One  of  the  first  investigators  to  notice  and  measure  these  stationary 
waves  on  wires  so  produced  by  direct  coupling  with  the  coatings  of 
a  Leyden  jar  was  Sir  Oliver  Lodge.' 

Let  a  condenser  of  capacity  0  be  discharged  through  a  low 
resistance  circuit  of  inductance  L,  and  let  two  long  wires  proceed 
parallel  to  each  other  and  insulated  in  space  from  each  other,  one  end 
of  each  being  connected  to  one  coating  of  the  condenser.  The 
capacity  Oj  of  the  two  wires  in  electrostatic  units  with  respect  to 
each  other  can  be  shown  to  be  given  by  the  equation —  * 

I 
Ci  =  (in  electrostatic  units)    .     .     .     (63) 

where  I  is  the  length  of  each  of  the  wires,  D  their  distance  apart,  and  d 
the  diameter  of  each  wire  assumed  to  be  of  circular  section. 
Hence  the  capacity  in  electromagnetic  units  is — 

^•  =  r-^  ....:..   (64) 

yr4:  log*  -j- 

The  high  frequency  inductance  L,  of  these  two  wires,  each  of 
length  I,  and  at  a  distance  D  cms.  apart  in  air,  has  been  shown  (see 
Chap.  II.  §  3  (41))  to  be  given  by  the  expression — 


L,  =  4/(log.2^) (65) 


Hence,  multiplying  (64)  and  (66),  we  have — 

C,L,  =  ?.,  or  u  = i =  3  X  W 

.  /C,    L, 

V  r  I 

'  Soe  O.  J.  Lodge,  *'  On  the  Theory  of  Lightning  Conductors,"  Phil.  Mag,, 
August,  1888,  ser.  6,  vol.  26,  p.  217 ;  also  The  Electrician,  August  10, 1888,  vol.  xxi. 
p.  485. 

•  See  "  Handbook  for  the  Electrical  Laboratory  and  Testing  Room,"  J.  A. 
Fleming,  vol.  ii.  p.  121. 
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The  expression  is  the  velocity  of  the  wave  along  the 


^0^^, 


I 

wires,  and  is  therefore  equal  to  the  velocity  of  light. 

If,  then,  the  capacity  of  the  wires  with  respect  to  each  other  is 
small  compared  with  that  of  the  condenser,  the  discharge  of  the  latt-er 
applies  to  the  ends  of  the  wires  a  periodic  pptential  difference  with  a 

frequency  n  =  -  — j=-^.     In  order  that  the  stationary  oscillations  may 

be  set  up  on  the  wire  we  must  have  for  the  fundamental  oscillation 
such  a  length  /  for  each  wire  that  m  =  l/n  =  3  x  10^^  and  therefore — 

/  =  g  X  3  X  w  X  Vol 

In  the  above  equation  C  is  the  capacity  of  the  condenser  in 
electromagnetic  measure.  If  we  express  the  condenser  capacity  in 
microfarads,  and  the  inductance  of  the  circuit  through  which  it  is  dis- 
charging in  centimetres,  then  we  have  the  following  very  approximate 
formula : — 

/  =  1500^c™„,.  X  Lc„s. (66) 

If,  for  instance,  let  a  small  Leyden  jar  having  a  capacity  of  about 
fl-Q  mfd.  be  discharged  through  a  loop  of  thick  copper  wire  about 
4  mms.  in  thickness  and  120  cms.  long.  The  inductance  of  this 
circuit  would  be  about  700  cms.,  and  the  corresponding  length  /  of  the 
resonant  wire  would  be  15  ms.,  or  nearly  50  feet.  Such  a  length  of 
wire,  if  attached  to  the  jar  inner  coating,  would  have  the  fundamental 
oscillation  set  up  on  it,  and  at  the  far  end  we  should  have  an  antinode 
of  potential  and  a  strong  brush  discharge. 

Hence  to  exhibit  nodes  and  loops  of  potential  on  a  straight  wu:e 
we  need  higher  frequency,  and  therefore  smaller  capacity  and  induct- 
ance in  the  discharge  circuit. 

To  estabhsh  the  first  harmonic  oscillation  with  one  node  at  about 
one-third  the  length  of  the  wire  from  the  open  end,  we  must  have  a 
frequency  three  times  that  required  for  the  fundamental,  that  is  the 
product  CL  must  be  nine  times  as  great.  Accordingly,  if  C  is  made 
four  times  greater  L  must  be  made  2^  times  greater  than  would  be  the 
case  to  excite  the  fundamental. 

These  higher  harmonic  oscillations  are,  however,  better  called 
into  existence  by  using  an  arrangement  due  to  Hertz,  and  modified  by 
other  workers,  such  as  Sarasin  and  de  la  Kive  and  Lecher. 

6.  Creation  of  Stationary  Electric  Waves  on  Straight 
Wires. — A  convenient  method  of  establishing  stationary  electric 
waves  on  wires  is  one  which  Continental  writei-s  generally  attribute 
to  Lecher,  and  call  the  Lecher  arrangement.  As  a  matter  of  fact,  it 
originated  with  Lodge  and  Hertz,  whilst  Sarasin  and  de  la  Rive  gave 
it  an  improved  form. 

Hertz  devised  the  form  of  oscillator  we  shall  describe  more  in 
detail  in  the  next  chapter,  which  consists  of  two  metal  plates  having 
rods  attached,  these  rods  being  terminated  in  spark  balls.     The  rods 
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and  plates  are  placed  in  one  line  with  the  balls  near  together.  They 
then  constitute  a  condenser,  with  air  as  dielectric,  which  discharges 
across  the  gap  when  the  potential  difference  of  the  plates,  created  by 
attaching  the  spark  balls  to  the  secondary  terminals  of  an  induction 
coil,  exceeds  a  certain  value  determined  by  the  width  of  the  spark 
gap.  This  discharge  sets  up  oscillatory  currents  in  the  rods  and 
rapid  oscillations  of  potential  in  the  plates.  If  then  two  other  plates 
are  placed  close  to  the  plates  of  the  oscillator,  these  first  named 
having  long  parallel  wires  attached  to  them  (see  Fig.  14)  with  their 
ends  insulated,  we  have  the  so-called  Lecher  arrangement. 

Hertz  used  in  some  experiments  only  one  extra  plate  and  wire," 
but  Sarasin  and  de  la  Rive  made  the  arrangement  symmetrical  by 
employing  two  plates  and  two  parallel  wires,  whilst  R.  Blondlot 
showed  that  oscillations  could  be  set  up  in  a  long  wire  circuit  by 


W 


Fig.  14.— Lecher  Arrangement  for  creating  Stationary  Electric  Waves  on  Parallel 
Wires.  The  two  open  circuits  are  coupled  electrostatically.  I,  induction 
coil ;  C,  C,  condenser  plates ;  W,  parallel  wires. 

coupling  it  electromagnetically  with  a  circuit  containing  a  condenser 
in  which  oscillations  were  created  by  a  discharge  across  a  spark 
gap.'' 

The  double  plate  and  parallel  wire  arrangement  was  also  described 
by  E.  Lecher."  In  this  case  the  wires  are  said  to  be  coupled  electro- 
statically to  the  Hertz  oscillator.  When  the  secondary  terminals  of 
an  induction  coil  are  connected  to  the  spark  balls  of  the  oscillator,  and 
vibrations  excited,  the  plates  at  the  end  of  the  wires  are  rapidly 
alternated  in  potential,  and  this,  therefore,  applies  to  the  ends  of  the 
wires  an  alternating  electromotive  force ;  which  in  one  wire  may  be 

»  See  H.  Hertz,  **  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  108, 
or  Wied.  Ann.,  1888,  vol.  34,  p.  651. 

**  See  R.  Blondlot,  **  Sur  un  nouveau  proc6d^  pour  transmettre  des  ondulations 
^ectriques  le  long  de  fils  metalliques,"  Comptes  Rendus,  1892,  vol.  114,  p.  288. 

"  See  E.  Lecher,  "Eine  Studie  fiber  electrisohe  Resonanzerscheinungen," 
Wied.  Ann,,  1888,  vol.  41,  p.  850. 
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represented  by  V  cos  pt  and  that  to  the  other  by  —V  cos  pt.  These 
electromotive  forces  create  electric  waves  of  potential  which  travel 
along  the  wires,  as  above  proved,  with  the  velocity  of  light,  and  if 
the  wires  are  of  suitable  length  compared  with  the  frequency  of  the 
oscillations,  the  interference  of  the  irect  and  reflected  waves  estab- 
lishes stationary  waves  of  potential  and  current  on  the  wires.  Lecher, 
following  a  method  suggested  by  Dragoxmiis,**  employed  a  vacuum 
tube  laid  across  the  wires  hke  a  bridge  to  detect  the  position  of  the 
nodes.  The  tube  may  be  without  the  usual  electrodes,  and  contain 
rarefied  nitrogen  with  a  trace  of  turpentine  vapour.  The  author  has, 
however,  found  that  a  tube  filled  with  rarefied  neon  is  much  better  as 
an  indicator. 

When  the  vacuum  tube  is  placed  at  a  node  of  potential  it  remains 
dark,  but  when  placed  at  an  antinode  it  glows.  Lecher  also  found 
that  if  the  vacuum  tube  was  placed  permanently  at  the  end  of  the 
parallel  wires  it  could  be  caused  to  glow,  or  not  to  glow,  by  moving 
about  on  the  parallel  wires  another  transverse  wire  placed  as  a  bridge 
across  them.  This,  however,  introduces  a  complication.  At  first 
sight,  it  might  appear  that  the  positions  at  which  the  bridge  wire 
must  be  placed  not  to  affect  the  glow  in  the  tube  should  depend  solely 
upon  the  frequency  of  the  oscillator.  Experiments  by  H.  Bubens " 
showed,  however,  that  the  position  of  the  bridge  at  which  the  glow  of 
the  vacuum  tube  was  brightest  or  extinguished  did  not  depend  upon 
the  time  period  of  the  oscillator. 

This  is  only  one  instance  out  of  a  number  in  connection  with  this 
subject  which  shows  that  the  phenomena  cannot  be  rightly  interpreted 
unless  we  bear  constantly  in  mind  that,  as  already  explained,  the 
oscillations  of  an  open  circuit  radiator,  like  a  Hertz  oscillator,  subside 
with  great  rapidity.  They  are  damped  chiefly  owing  to  dissipation  of 
energy  by  radiation.  On  the  other  hand,  if  a  circuit  is  nearly  closed, 
the  oscillations  in  it  are  very  persistent.  Hence,  if  an  open  circuit 
radiator,  like  that  of  Hertz,  acts  on  a  nearly  closed  circuit,  the 
radiator,  when  in  action,  merely  administers  to  the  receiver,  or 
resonant  circuit,  a  sort  of  blow  or  electro-magnetic  impulse  at  each 
discharge.  The  oscillations  excited  in  the  resonant  circuit  are  those 
of  its  own  free  period,  and  not  those  forced  on  it  by  the  radiator. 

If  we  consider  the  bridge  wire  put  across  at  any  place  transversely 
to  the  parallel  wires,  it  creates  two  oscillation  circuits.  One  of  these 
consists  of  the  two  condensers,  which  are  formed  by  the  two  plates 
of  the  Hertzian  oscillator  and  the  other  two  plates  respectively  in 
opposition  to  them,  together  with  the  rods  of  the  Hertzian  oscillator, 
and  also  the  bridge  wire  and  the  included  portion  of  the  parallel 
wires.  This  circuit  is  denoted  in  Fig.  15  by  the  letters  SCiXYCj. 
The  other  circuit  consists  of  the  bridge  wire  and  the  remainder  of 
the  parallel  wires,  and  is  denoted  by  AXYB  (see  Fig.  15).  The 
magnitude  of  these  circuits  is  dependent  upon  the  position  of  the 
bridge  wire.  Experiment  shows,  then,  that  what  takes  place  is  as 
follows:  When  the  Hertzian  oscillator  is  excited,  oscillations  take 
place  in  the  circuit  SOiXYC^,  and  these  excite  other  oscillations  in 

.  "  See  Nature,  vol.  89,  p.  548. 
"  See  H.  Ruben.s,  Wicd.  Ann.,  1891,  vol.  42,  p.  154;  also  see  J.  J.  Thomson, 
"  Recent  Besearches  in  Electricity  and  Magnetism,"  p.  462. 
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the  circuit  AXYB.  The  condition  which  must  hold  good  for  these 
last  oscillations  is,  that  the  free  extremities  A  and  B  of  the  wires 
must  be  antinodes  of  potential  and  of  opposite  sign.     Hence,  if  we 
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Fig.  16. — Lecher  Wires  bridged  across  and  divided  into  Two  Syntonic  Circuits. 
I,  induction  coil;  C„  C„  air  condensers ;  A,  B,  Lecher  wires;  S,  spark  balls. 

consider  the  wire  AXYB  stretched  out  straight,  the  oscillations  of 
potential  on  it  that  are  possible  are  indicated  by  the  diagrams  in 
Fig.  16.  The  length  of  the  circuit  AXYB  must,  therefore,  be  equal 
to  some  odd  multiple  of  half  the  stationary  wave  length,  in  order  that 
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Fig.  16. — Possible  Stationary  Oscillations  which  can  be  created  on  the  Section 
AXYB  of  a  I^echer  Circuit,  as  shown  in  Fig.  15.  The  distance  of  the 
dotted  line  from  the  firm  line  represents  the  potenti^  amplitude  at  that 
point. 

we  may  have  the  necessary  conditions  fulfilled,  which  are,  first,  that 
the  centre  of  the  bridge  wire  XY,  that  is,  the  central  point  of  the 
circuit  AXYB,  shall  be  a  node  of  potential,  and  the  two  extremities 
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A  and  B  shall  be  antinodes,  and  at  any  instant  have  opposite 
potentials.  Therefore  the  distance  between  two  positions  of  the 
bridge  wire  XY,  say  at  XY  and  XT'  (see  Fig.  15),  for  which  the 
vacuum  tube  shows  equally  brightly,  is  equal  to  one-half  of  the  length 
of  a  stationary  wave  on  the  circuit  AXYB.  This  wave  length  is 
determined  by  the  length  of  the  wire  itself,  and  not  that  of  the  other 
exciting  circuit. 

On  the  other  hand,  to  set  up  strong  oscillations  in  the  circuit 
AXYB,  the  frequency  of  the  oscillations  in  the  other  circuit,  SC1XYC2, 
must  be  so  adjusted  that  the  two  circuits  are  in  resonance.  It  follows, 
therefore,  that  to  excite  an  oscillation  on  the  wires,  such  that*  there 
shall  be  an  antinode  of  potential  at  A  and  B,  and  one  node  only,  at 
the  centre  of  the  bridge  XY,  the  frequency  n  of  the  oscillations  in 
the  other  circuit  must  be  so  adjusted  that — 

^Xl<^*  ...    (67) 


2  (the  length  of  AXYB) 


The  numeric  which  occurs  in  the  denominator,  viz.  2,  is,  in  fact,  a 
little  more  than  2,  very  nearly  2*5,  because  the  length  of  the  funda- 
mental wave  length  of  a  linear  oscillator  is  2*5  times  its  length  nearly, 
and  not  simply  twice  its  length. 

If,  then,  the  vacuum  tube  is  placed  across  the  ends  AB  of  the 
parallel  wires,  and  the  bridge  XY  moved  to  different  positions,  the 
tube  glows  most  brightly  for  certain  positions  of  the  bridge.  The 
condensers  formed  of  the  pairs  of  plates  at  the  ends  of  each  wire 
have  a  certain  capacity,  and  this  may  be  considered  to  be  reckoned 
in  its  equivalent  in  length  of  straight  wu:e.  We  might,  in  fact,  replace 
the  nearly  closed  oscillating  circuit  SC,XYCa  by  an  open  circuit  con- 
sisting of  a  wire  bent  twice  at  right  angles."  The  actual  Lecher 
circuit  is,  therefore,  equivalent  to  two  pieces  of  wire,  each  bent  twice 
at  right  amgles,  and  having  their  central  portions  in  common.  Ex- 
periment, then,  shows  that  if  oscillations  are  set  up  in  one  part, 
they  will  create  vigorous  oscillations  in  the  other  part,  if  the  lengths 
of  the  two  circuits  are  in  the  ratio  of  any  pair  of  the  odd  integer 
numbers.  Experiments  made  by  H.  Rubens  fully  confirm  this  de- 
duction,^' and  they  show  that  we  must  not  consider  the  phenomenon 
to  consist  simply  in  oscillations  having  the  period  due  to  the  Hertz 
oscillator  alone  being  forced  on  the  long  wires,  and  the  bridge  merely 
non-effective  when  placed  at  the  nodes  of  potential  so  formed,  but 
we  have  to  consider  the  bridge  as  a  common  part  of  two  circuits,  in 
one  of  which  oscillations  are  set  up  with  a  certain  period,  whilst 
others  are  created  in  the  adjacent  circuit,  provided  this  is  made  to 
be  of  such  a  length  that  one  of  its  natural  periods  of  oscillation  is  in 
agreement  with  those  of  the  primary  circuit. 

Another  method  of  setting  up  oscillations  in  wires  is  due  to  M. 
Blondlot.^^     In  this  a  circular  wire  circuit,  of  which  the  inductance 

'*  See  E.  Lecher,  Wied,  Ann.,  1890,  vol.  41,  p.  860. 

"  See  H.  Rubens,  Wied.  Ann.,  1889,  vol.  37,  p.  629.  For  an  account  of  these 
experiments  in  English,  see  J.  J.  Thomson's  book,  "  Recent  Researches  in  Elec- 
tricity and  Magnetism,"  pp.  461-467. 

"  Blondlot,  Journal  ae  Physique,  ser.  2,  vol.  x.  p.  549. 
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can  be  calculated,  has  inserted  in  it  a  spark  gap  and  a  condenser  of 
known  capacity.  Surrounding  this  circular  circuit,  and  in  close  con- 
tact with  it,  but  separated  by  an  insulator,  is  a  second  circuit  consisting 
of  one  long  wire  (see  Fig.  17).  The  oscillations  in  the  condenser 
circuit  act  inductively  on  the  wire  circuit,  and  if  the  length  of  this  last 
is  properly  adjusted,  create  stationary  oscillations  in  it.     By  means  of 


Fig.  17.— Blondlot's  Mode  of  Inductive  Coupling  of  an  Open  and  Closed 
Oscillation  Circuit. 

the  arrangement  of  this  kind  Blondlot  was  able  to  make  a  satisfactory 
determination  of  the  velocity  of  propagation  of  an  electric  wave  along 
a  wire,  and  prove  experimentally  that  it  was  identical  with  the  velocity 
of  light. 

•  One  of  the  most  complete  investigations  on  this  matter  was  con- 
ducted by  Professor  Trowbridge  and  Mr.  Duane.*'     In  this  work  the 


Fio.  18. —Trowbridge  and  Duane's  Experiments  on  the  Velocity  of  Electric 
Wave  Propagation  along  Wires. 

authors  set  up  a  nearly  closed  wire  circuit,  terminating  in  condenser 
plates  A,  B  (see  Fig.  18),  having  a  small  spark  gap,  S„  in  a  symmetri- 
cal position  in  it.     The  terminal  plates  were  in  apposition  to  two  other 

"  See  Trowbridge  and  Duane,  "On  the  Velocity  of  Electric  Weaves,"  Phil. 
Mag.,  August,  1896,  ser.  6,  vol.  40,  p.  211 ;  also  see  J.  A.  Fleming,  *•  The  Alternate 
Current  Transformer,"  vol.  i.,  3rd  ed.,  p.  499, 
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condenser  plates,  C,  D,  which  formed  the  condenser  of  a  secondary 
oscillation  circuit.  Hence  the  two  circuits  were  connected  electro- 
statically. The  frequency  of  the  oscillations  was  then  adjusted  until 
stationary  electric  waves  formed  on  the  wire.  The  median  point  at 
the  spark  gap  S^  being  a  potential  node,  and  one  other  node  existing 
on  each  side  of  it  between  the  central  node  and  the  terminal  plates. 
This  distribution  of  potential  is  indicated  by  the  dotted  lines  in  Fig.  18. 
By  photographing  the  secondary  spark  the  frequency  of  the  oscillations 
was  obtained,  and  by  measuring  the  distance  separating  the  two  nodes 
lying  on  either  side  of  the  median  node  S,  the  semi-wave  length  was 
obtained.  The  velocity  of  the  wave  then  became  known.  The  mean 
of  a  large  number  of  closely  concordant  observations  gave  the  velocity 
of  the  wave  .along  the  wire  as  3003  x  10*^  cms.  per  second.  This  is 
very  close  to  the  best  determination  of  the  velocity  of  light. 

It  may  be  taken,  therefore,  as  definitely  proved,  both  by  theoretical 
reasoning  and  by  experiment,  that  the  velocity  with  which  an  electric 
disturbance  travels  along  a  straight  or  slightly  flexed  metal  wire  is 
equal  to  the  velocity  of  light. 

If,  however,  the  wire  is  closely  coiled  into  a  helix  we  have  to  treat 
the  helix  as  if  it  were  a  linear  conductor,  and  the  velocity  of  the  wave 
along  it  is  inversely  as  the  square  root  of  the  product  of  the  capacity 
and  inductance  of  the  helix  per  unit  of  length. 

7.  Oscillations  in  an  Earthed  Aerial  Wire.— A  case  of  great 
practical  importance  arises  when  we  consider  the  oscillations  set  up  in 
a  metal  rod,  like  a  lightning  conductor,  one  end  of  which  is  in  good 
connection  with  the  earth  and  the  rest  of  the  wire  is  free,  insulated 
and  placed  more  or  less  vertically  in  the  air.  This  vnie  is  called  an 
aerial  wire,  or  antenna^  or  Marconi  aerial,  and  is  the  essential  element  in 
telegraphy  by  electric  waves  on  the  Marconi  system. 

There  are  three  ways  in  which  we  may  set  up  the  oscillations 
in  this  wire. 

I.  The  wire  may  be  cut  at  a  point  near  the  earth  and  two  spark 
balls  placed  at  this  point.  The  secondary  terminals  of  an  induction 
coil  are  then  attached  to  these  balls.  When  the  coil  is  in  action  the 
upper  part  of  the  wire  is  charged  to  a  high  potential  and  then  dis^ 
charged  across  the  air  gap.  Just  before  discharge  the  upper  portion 
of  the  wire  has  a  certain  capacity  with  regard  to  the  earth  and  takes  a 
certain  charge.  This  discharge  takes  place  across  the  spark  gap,  and 
as  the  spark  has  a  low  resistance  the  discharge  is  oscillatory,  but  greatly 
damped  by  reason  of  the  rapid  radiation  of  the  energy. 

The  condition  when  the  spark  is  passing  is  that  the  lower  end  of 
the  aerial  near  the  earth  is  at  zero  potential,  or  there  is  a  potential 
node  at  this  place.  Since,  however,  there  must  be  a  current  node 
at  the  upper  end  of  the  wire,  there  must  be  an  antinode  of  potential 
there. 

It  is  easily  seen,  therefore,  without  more  calculation,  in  the  light  of 
explanations  already  given,  that  the  fundamental  electrical  oscillation 
which  can  be  excited  on  the  wire  is  one  in  which  the  amplitude  of  the 
potential  increases  all  the  way  up  the  wire  from  the  earthed  end  to  the 
summit. 

The  first  harmonic  oscillation  which  can  be  excited  is  one  having 
three  times  the  frequency  of  the  fundamental,  and  it  has  a  node  about 
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one-third  of  the  length  of  the  aerial  from  the  top.  We  may  represent 
the  amplitude  of  the  potential  variation  by  the  ordinate  of  a  dotted  line 
and  the  aerial  itself  by  a  firm  line.  In  Fig.  19  the  thick  black  vertical 
lines  represent  the  earthed  aerial  wire,  and  the  two  small  circles 
the  spark  balls,  the  lower  one  being  connected  to  an  earth  plate,  E. 
The  horizontal  distance  of  the  dotted  line  from  the  firm  line  represents 
in  diagrammatic  form  the  potential  variation  up  the  aerial.  If  the 
oscillation  is  the  fundamental  oscillation,  then  the  potential  increases 
all  the  way  up  the  aerial  from  the  spark  balls  to  the  top.  If  the 
electric  oscillation  is  the  first  harmonic,  there  is  one  potential  node 
about  one-third  of  the  way  from  the  top.     If  the  oscillation  is  the 
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Fio.  19. — Diagram  representing  the  Fundamental  (a)  and  Harmonic  (6),  (e),  (d) 
Oscillations  of  Potential  on  a  Vertical  Earthed  Antenna. 

second  harmonic,  there  are  two  potential  nodes  and  2\  semi- waves  of 
potential  on  the  wire.  Thus  we  have  the  distribution  of  potential,  as 
follows :-  - 


OadllatioD  Ukfng  pUoe  on  the  MrUa. 


Fundamental 
Ist  harmonic 
2nd        „ 
3rd 
nth 


Number  of  potentUl 

nodes  not  including 

the  one  «t  earth. 


Number  of  quarter 

waves  of  potential 

on  the  aerial. 


1 
8 
6 

7 
(2n  + 1) 


The  above  distributions  are  represented  in  Fig.  19.  The  dis- 
tribution of  current  in  the  aerial  is  such  that  antinodes  of  current 
occur  at  the  same  places  where  nodes  of  potential  exist,  and  vice  versd. 
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Thus  at  the  summit  of  the  aerial,  then,  is  a  node  of  current  or  no 
current  and  an  antinode  of  potential  or  a  maximum  potential  variation. 
At  the  base  or  earthed  end  there  is  a  node  of  potential  or  no  potential, 
but  an  antinode  of  current  or  a  maximum  value  of  the  current. 
Electric  current  is,  so  to  speak,  pumped  into  and  sucked  out  of  the 
earth  when  the  aerial  is  in  oscillation.  If  there  exist  harmonic  oscil- 
lations, then  the  current  at  different  points  in  the  aerial  is  not  flowing 
in  the  same  direction  at  the  same  time,  but  at  two  adjacent  points 
may  be  moving  in  opposite  directions. 

Analytically,  we  may  arrive  at  the  above  result  as  follows: 
Eeferring  to  equations  (9)  and  (10),  §  2  of  this  chapter,  we  have 
the  expressions  for  the  potential  and  current  at  any  point  in  the  wire 
having  abscissa  equal  to  x  when  traversed  by  electrical  oscillations. 
Let  us  suppose  that  E  and  K  are  negligible  in  value  compared  with 
-plj  and  j[?C,  then  we  have — 


V  =  ac+i^*+/;€-i^* (68) 

/=^|(a€+i^*- J€-/^*)     ....     (69) 


If  .7-  =r  0,  as  at  the  lower  end  of  the  aerial,  then  V  =  0.     Hence 
h  =  —a,  and  therefore — 


/=>y/^a(€+/^*  +  c-i^^)     ....     (70) 
=  2a>/ j^cos/8x (71) 


If,  then,  .r  =  /,  as  at  the  upper  end  of  the  aerial,  we  have  7=0,  and 
therefore  cos  /8/  =  0. 

Therefore,  also,  we  must  have  /8/  =    ^  where  m  is  some  odd  integer. 

27r 
But  P  =  ^  where  A.  is  the  wave  length  of  the  potential  wave  on  the 

4/ 
aerial.     Accordingly,  A.  =    -,  and  the  wave  lengths  possible  on  the 

aerial  are-  - 

K  =  4/,      X,  =  ^/,      A,  =  -J/,  etc (72) 

Therefore  the  fundamental  w^ave  length  is  four  times  the  length  of 
the  aerial,  and  the  higher  harmonic  oscillations  have  wave  lengths 
^,  \,  |,  etc.,  of  the  fundamental.  If  this  simple  theory  held  good,  an 
aerial  100  feet  high  should  radiate  electric  waves  having  a  w^ave  length 
of  400  feet  when  the  fundamental  oscillations  are  set  up  on  it,  and 
waves  of  length  133  feet,  80  feet,  59  feet,  etc.,  corresponding  to  the 
higher  harmonic  oscillations.  According  to  the  more  complete  theory 
of  stationary  oscillations  developed  by  Mr.  H.  M.  Macdonald,  the 
fundamental  wave  length  on  the  aerial  should  be  600  feet  in  length, 
or  the  quarter  wave  length  is  25  per  cent,  longer  than  the  aerial. 
Also  the  wave  length  of  the  first  harmonic,  instead  of  being  equal  to 
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4/  .  7/ 

g ,  is  equal  to  ^  according  to  Macdonald's  theory,  and  the  wave  length 

4/ 
of  the  second  harmonic  is  ~=  by  both  the  simple  and  more  complete 

theories.     The  value  of  the  wave  length  tending  to  become  equal  to 

/o"  ~i~T\  ^or  the  7/ith  harmonic.^* 
[2m  -f  1) 

II.  The  wire  may  have  the  oscillations  induced  in  it  by  an 
oscillation  transformer. 

In  this  case  an  air  core  transformer  consisting  of  two  interlinked 
circuits  has  one  circuit  inserted  in  the  aerial  wire  near  the  base 
between  the  aerial  and  -the  earth 
(see  Fig.  20),  and  the  other  circuit 
has  a  condenser  and  spark  balls 
included  in  it.  When  oscillations 
are  set  up  in  the  condenser  circuit 
they  induce  others  in  the  aerial 
circuit,  and  the  two  circuits,  open 
and  closed,  may  be  brought  into 
resonance  with  each  other.  This 
is  called  the  inductive  coupling  of  the 
aerial  with  an  exciting  circuit. 

The  electric  oscillations  must 
then  be  such  that  at  the  earthed 
end  of  the  oscillation  transformer 
circuit  in  series  with  the  aerial  we 
have  a  potential  node,  and  at  the 
summit  of  the  aerial  an  antinode  or 
maximum  of  potential. 

If  there  is  no  other  potential 
node  the  aerial  has  established  on 
it  its  fundamental  oscillation.  The 
practical  difficulty  is  to  ascertain 
the  equivalent  length  of  the  trans- 
former secondary  circuit  in  terms 
of  the  length  of  the  aerial.  If, 
for  instance,  the  vertical  aerial  wire  itself  is  180  feet  in  height,  and 
the  oscillation  transformer  connected  to  it  consists  of  a  coil  having 
a  primary  circuit  of  one  turn  of  4  feet  in  total  length  in  circuit  with 
the  condenser  and  spark  gap,  and  a  secondary  of  ten  turns  of  40 
feet  in  total  length  in  series  with  the  aerial  wire,  we  require  to  know 
the  length  of  the  wave  of  the  fundamental  oscillation  of  such  a 
complex  aerial  wire. 

We  cannot  answer  this  question  unless  we  can  ascertain  what 
length  of  simple  straight  aerial  wire  earthed  at  the  bottom  would  have 
the  same  natural  period  of  oscillation  as  the  aerial  with  oscillation 
transformer  inserted  in  it.  In  the  above  case  experiment  shows  that 
the  fundamental  wave  length  of  the  complex  aerial  is  very  nearly 
equal  to  that  of  a  simple  aerial  having  a  total  length  equal  to  the  joint 
lengths  of  the  actual  aerial  (180  feet)  and  twice  the  length  of  the 

^*  See  H.  M.  Macdonald,  ''  Electric  Waves,"  Adams  Prize  Essay,  1902,  p.  112. 

T 


Fig.  20. — Inductively  Coupled  Antenua 
and  Condenser  Circuit.  I,  induction 
coil ;  Sp,  spark  balls ;  C,  condenser ; 
P,  prima^  coil  of  oscillation  trans- 
former; S,  secondary  coil;  A,  an- 
tenna. 
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circuit  of  the  oscillation  transformer  (40  feet)  in  series  with  it,  viz.  to 
a  simple  aerial  having  a  length  of  (180  +  2  +  40)  =  260  feet.  The 
general  problem  is,  however,  very  intractable,  as  we  cannot  define 
sufficiently  accurately  the  conditions.  We  may,  however,  regard  the 
arrangement  in  its  simplest  form  as  consisting  of  a  piece  of  straight 
wire  attached  to  the  end  of  a  short  coil  of  wire  in  which  is  created  a 
periodic  electromotive  force.  If  the  coil  is  very  short,  the  turns  very 
open,  the  velocity  of  the  potential  wave  along  the  coil  will  not  be  very 
different  from  its  velocity  along  the  straight  wire.  If,  however,  the 
turns  of  the  oscillation  circuit  lie  close  together,  its  inductance  is 
greater  than  that  of  the  same  wire  stretched  out  straight,  the  velocity 
of  the  wave  along  it  is  less  than  along  an  equal  length  of  straight 
wire  of  the  same  Mnd,  and  the  oscillation  circuit  counts  for  more  than 
its  actual  length  in  feet  when  added  to  the  actual  aerial  Thus,  for 
instance,  if  the  oscillation  circuit  consists  of  a  wire  40  feet  in  length 
closely  coiled  and  placed  at  the  base  of  an  aerial  180  feet  in  length, 
we  cannot  consider  that  the  equivalent  length  of  the  aerial  is  220  = 
(180  +  40)  feet,  but  it  will  be  something  greater.  Also  the  true  funda- 
mental wave  length  of  the  aerial  will  be  more  than  four  times  220  feet. 
Generally,  if  a  simple  aerial  wire  having  a  length  I  is  attached  to  the 
secondaiT  circuit  of  an  oscillation  transformer  having  a  total  length 
of  secondary  circuit  r,  the  lower  end  of  this  last  circuit  being  earthed, 
then  we  may  consider  it  to  be  equivalent  to  a  simple  aerial  wire  of 
length  Ml'  +  I  where  M  is  some  multiplier  depending  on  the  form  of 
the  oscillation  transformer. 

One  type  of  oscillation  transformer  used  in  wireless  telegraphy, 
devised  by  Marconi,  consists  of  a  wooden  frame,  on  which  the  primary 
and  secondary  circuits  are  wound.  The  secondary  circuit  may  consist 
of,  say,  10  turns  of  wire,  each  turn  being  40  feet  in  length.  If,  then, 
such  an  oscillation  transformer  has  its  secondary  circuit  connected  on 
between  an  aerial  180  feet  high  and  the  earth,  and  its  primary  circuit 
contains  a  spark  gap  and  a  suitable  condenser,  these  two  circuits  can 
be  "tuned"  or  syntonized.  We  have,  then,  to  consider  the  aerial 
wire  of  180  feet  in  length  joined  to  a  circuit  of  an  oscillation  trans- 
former 40  feet  in  length,  and  the  question  arises.  What  is  the  length 
of  the  wave  of  the  fundamental  oscillation  of  such  a  compound  wire 
circuit  ?  From  some  experiments  by  the  author  it  appears  that  the 
factor  M  above  mentioned  may  be  a  number  near  to  2  or  3  for  an 
oscillation  transformer  of  the  type  just  described.  Hence  the  equivalent 
length  of  simple  aerial  would  be  about  180  +  (2  x  40)  feet  =  260  feet. 
The  length  of  the  fundamental  wave  is,  then,  nearly  five  times  260 
feet,  or  1300  feet.     The  length  of  the  first  harmonic  wave  Xi  is  such 

that  ^^  ^  ^1  uiuQt  be  equal  to  260,  or  X^  =  370  feet. 

The  length  of  the  second  harmonic  wave  \j  must  be  such  that 
Xa  -f  -^  =  f  Xa  is  equal  to  260  feet,  or  X^  =  216  feet,  and  the  length  of 
the  mth  harmonic  wave  \m  is  such  that — 

m^^"  +  J"=/  +  M/'    ......     (73) 

where  /  is  the  length  of  the  aerial  wire,  and  l'  is  the  total  length  of 
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the  secondary  circuit  of  the  oscillation  transformer  in  series  with  the 
aerial,  and  M  is  the  factor  for  the  oscillation  transformer  used. 

Practical  measurements  made  with  the  author's  cymometer  or 
wave-measuring  instrument  confirm  the  above  statements. 

Thus,  for  instance,  an  aerial  wire  70  feet  in  length  was  set  up  at 
University  College,  London.  Of  this  length  50  feet  was  vertical  and 
outside  a  building,  and  20  feet  was  nearly  horizontal  and  inside  the 
building.  Using  this  wire  with  a  pair  of  spark  balls  inserted  between 
the  lower  end  and  the  earth,  as  a  simple  aerial,  fundamental  oscilla- 
tions were  set  up  in  it,  and  their  frequency  and  corresponding  wave 
length  measured  with  the  Fleming  Cymometer."  The  fundamental 
wave  length  was  found  to  be  360  feet.  This  is  very  nearly  equal  to 
five  times  the  total  lengtli  of  the  aerial,  or  to  5  x  70.  It  was  cer- 
tainly much  more  than  four  times  the  length  of  the  total  aerial.  The 
aerial  was  then  joined  at  the  base  to  the  secondary  circuit  of  an 
oscillation  transformer.  This  secondary  circuit  consisted  of  10  turns 
of  wire,  having  a  total  length  of  60  feet  wound  on  a  square  wooden 
frame. 

Oscillations  were  induced  in  this  secondary  circuit  by  others  set 
up  in  the  primary  circuit  of  one  turn,  which  was  in  series  with  a  spark 
gap  and  condenser 

The  wave  now  radiated  from  the  aerial  was  found  to  have  a  wave 
length  of  about  960  or  970  feet.  We  see  that  70  +  2  x  60  =  190. 
Hence  the  equivalent  simple  aerial  would  have  a  length  of  190  feet, 
and  5  X  190  =  950.  Hence  the  radiated  fundamental  principal  wave 
has  a  wave  length  of  five  times  the  length  of  the  equivalent  simple 
aerial. 

Another  confirmatory  experiment  was  made  with  another  aerial 
180  feet  in  height,  joined  to  earth  through  the  secondary  circuit  of 
an  oscillation  transformer,  this  circuit  consisting  of  ten  turns  of  wire 
having  a  total  length  of  40  feet.  Hence  the  equivalent  length  of 
simple  aerial  should  be  180  +  2  x  40  =  260. 

The  first  harmonic  oscillation  was  excited  on  this  aerial,  and  found 
to  radiate  a  wave  370  feet  in  length.  By  the  above  theory,  if  we 
call  Xi  this  first  harmonic  wave  length,  we  should  have — 

^^  +  ^^=  180  +  2  X  40  =  260  feet 

or    Xi  =  371  feet 

and  a  value  370  feet  was  found  by  experiment.  The  fundamental 
wave  in  this  case  would  have  a  length  of  5  x  260  =  1300  feet. 

The  distribution  of  potential  in  such  an  aerial  would  then  be  as 
represented  in  the  diagram  in  Fig.  21. 

Let  A  be  the  aerial  wire  supposed  to  be  180  feet  in  height,  and  S 
the  secondary  circuit  of  the  oscillation  transformer  in  series  with  it, 
and  £  the  earth  plate.  Then,  when  the  fundamental  electric  oscilla- 
tion is  excited  on  the  aerial,  the  summit  of  the  aerial  is  an  antinode 
of  potential  and  the  base  a  node,  and  the  potential  amplitude  increases 

*•  For  description  of  this  cymometer  and  instructions  for  using  it,  see  Chap.  VI. 
of  this  treatise. 
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all  the  way  up  the  aerial,  as  indicated  by  the  ordinates  of  the  dotted 
curve  (see  (a),  Fig.  21).   When  the  first  harmonic  oscillation  is  excited, 


A 


o 


Wymw^ 


Fig.  21. — Fundamental  and  Harmonic  Oscillations  of  Potential  excited  on  an 
Inductively  Coupled  Antenna. 

there  is  a  node  of  potential  about  halfway  between  the  summit  of  the 
aerial  and  the  upper  terminal  of  the  oscillation  transformer. 

In  the  case  considered  we  have  an  aerial  180  feet  in  height,  joined 

on  to  an  oscillation  transformer  having 
a  secondary  circuit  40  feet  in  length, 
with  a  length  factor  (M)  for  that 
circuit  equal  to  2.  The  necessary 
conditions  are  fulfilled  if  we  have  a 
node  of  potential  74  feet  below  the  top 
of  the  aerial.  There  is,  therefore,  an 
antinode  or  loop  of  potential  just  above 
the  upper  terminal  of  the  oscillation 
transformer  circuit  (see  (/^),  Fig.  21). 
When  the  second  harmonic  oscillation 
is  excited  there  are  two  nodes  of  po- 
tential on  this  aerial,  one  43  feet  and 
the  other  161  feet  below  the  top  of 
the  aerial  (see  (c).  Fig.  21). 

8.  Stationary  Osoillations  on 
Looped  Antenna. — A  very  interesting 
case  of  stationary  oscillations  on  wires 
arises  when  we  consider  those  which 
can  be  produced  on  a  closed  and  sufii- 
ciently  long  loop  of  wire.  Let  a  loop 
of  wire  be  formed  by  erecting  two  in- 
sulated vertical  wires  parallel  to  each 


nr 
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E 


E 


Fig.  22. — Looped  Antenna. 


other  and  joining  them  together  at  the  top.     In  one  branch  let  a 
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condenser  be  inserted  and  in  the  other  a  pair  of  spark  balls,  the  lower 
ball  and  lower  condenser  plate  being  connected  to  earth  plates,  E,  as 
shown  in  Fig.  22.  Then  when  the  condenser  is  charged  and  dis- 
charged we  have  oscillations  set  up  in  the  loop  circuit.  If  this  circuit 
has  a  total  length  which  is  large,  or  comparable  with  the  proper  wave 
length  corresponding  to  the  capacity  and  inductance,  we  may  have 
stationary  oscillations  set  up  on  the  loop.  The  current  may  not  be 
in  the  same  direction  at  all  points  in  the  loop  at  the  same  instant, 
and  there  may  be  nodes  and  antinodes  of  potential  and  current  dis- 
tributed along  the  wire.  We  shall  investigate  this  effect,  following 
a  mathematical  analysis  which  is  due  to  Dr.  G.  Seibt.*' 

In  the  first  place,  let  Cj  be  the  capacity  of  the  condenser  and  C 
the  capacity  per  unit  of  length  of  the  loop  or  aerial  wire.  And  let  L 
be  the  inductance  per  unit  of  length  of  this  wire.  Then,  if  V  is  the 
potential  at  any  point  in  the  wire,  and  /  the  current  considered  as 
vectors,  we  have  the  value  of  these  given  by  the  equations — 

V  =  ac+P«'  +  ^>c-P^ (74) 

as  shown  in  §  1  of  this  chapter. 

If  we  assume,  as  we  may  do,  that  the  resistance  and  insulation 
conductance  of  the  wire  are  negligible,  then  these  equations  take  the 
form — 

V  =  aeJ^  +  he-J^"" (76) 

/=>y/?(a€'^*«/>€-i^*)   ....     (77) 

Let  us  suppose  the  earth  connections  removed,  and  take  the 
symmetrical  point  O  at  the  upper  end  of  the  loop  (see  Fig.  22)  as 
origin,  and  measure  x  from  it.  Then  when  «  =  0  we  have  V  =  0, 
because  the  point  is  symmetrically  situated.  Hence,  then,  a  -f  ft  =  0, 
or  h  =  —a. 

Let  the  length  of  the  loop  forming  the  aerial  be  /.    Then  when 

7  =  ^  we  have  tJie  value  of  the  potential  at  the  condenser  terminal,  or  — 

V  =  «(€J'^*'/2-c-^'*/2) (78) 

Therefore  at  this  point  the  current  into  the  condenser  must  be  given 
by  the  equation — 


/=^e(e^W2  +  ,-iW2)      .     .    .    (79) 


L" 

But  since  the  potential  difference  of  the  condenser  plates  is  2V,  and 

*•  See  Thesis  for  the  Doctorate,  presented  to  the  University  of  Rostock  by 
Dr.  Georg  Seibt,  entitled  "Electrische  Drahtwellen,"  Berlin,  1902,  p.  27;  or 
Elektrotechnische  Zeiischrift,  vol.  xxiii.,  April  10,  17,  24,  May  1,  8,  1902. 
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since  the  current  into  the  condenser  is  equal  to  Ci— ,^,  and  is  90°  in 

advance  of  this  potential  difference  in   phase,  we   must  have   the 
current  in  vector  notation  given  by — 

/=  -i2VC,|^ (80) 

Hence,  equating  the  two  expressions  for  the  current,  we  have — 


V£( 


^l-^;  =  ^^P'^ («i) 


or  

L    2^Ci  '^2 

Bearing  in  mind  that  p  =^VCL,  we  can  easily  show  that  the 
above  equation  transforms  into— 

(jVCL)tan(jvCL)=-g_ (82) 

Since  C/,  viz.  the  capacity  of  the  whole  aerial,  is  generally  very  small 
compared  with  the  capacity  of  the  condenser  Cj,  the  above  equation 
is  equivalent  to — 

tf  tan  tf  =  0  (nearly) (83) 

We  may  therefore  write  ^  instead  of  B  Ian  6.     Hence  we  have — 


TT' 


.2 


C 


j^WL  =  4^-- (84) 

or      T=2ir^G,U (85) 

This,  however,  is  the  usual  expression  for  the  time  period  of  a  circuit 
consisting  of  a  capacity  Cj  in  series  with  an  inductance  U, 

Hence  one  possible  mode  of  oscillation  is  the  fundamental  mode 
in  which  the  current  oscillates  at  each  discharge,  but  is  in  the  same 
direction  in  all  parts  of  the  loop  at  the  same  time. 

The  periodic  time  of  the  harmonics  is  obtained  by  finding  the 
solutions  of  the  equation — 

tan^j;/VCL)  =  0 (86) 

These  are — 

^./VCL  =  7r,       27r,       Stt  .   .   .  TITT      .      .      .      (87) 
Therefore — 

T,  =  /VOL,      r^  =  2^^^'      ^»  =  3^^*^!^'  ^^«-      (^^) 

give  the  periodic  times  of  the  harmonic  oscillations,  and  the  corre- 
sponding wave  lengths  are — 
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A,  =  ;,  A,  =  4  X,  =  |      .     .     .     .     (89) 

In  all  cases,  therefore,  there  is  a  potential  node  or  current  antinode 
at  the  summit  of  the  loop  at  the  symmetrical  point.  At  corresponding 
points  at  the  same  level  on  the  two  sides  of  the  loop  the  current  in 
one  side  of  the  loop  is  in  the  opposite  direction  at  any  one  moment  to 
the  current  in  the  other  side  of  the  loop.  Hence  there  can  he  no 
radiation  from  the  loop  as  a  whole. 

On  the  other  hand,  the  condition  of  things  is  altered  if  the 
lower  condenser  plate  is  connected  to  earth. 

To  investigate  the  conditions  which  then  arise,  we  measure  the 
distances  x  from  the  earthed  plate  of  the  condenser.  Then,  as  before, 
let  the  length  of  the  loop  be  I  and  let  Y  and  /  be  the  potential  and 
current  at  any  point.     We  have — 

V  =  (J^^^  +  hr^^"^ (90) 

7  =  ^g(a€^^«-6c-^'^«)     ....    (91) 

In  the  first  equation  put  a;  =  0,  then  a  =  —  6.     Also,  if  we  put 
a;  =  ^,  we  have  the  current  /'  flowing  into  the  condenser. 
Making  these  substitutions,  we  have — 


/'  =  «^g(ei^ +  €-■'•'«)    ....    (92) 
But  the  value  of  /'  is  also  given  by  the  equation — 

Hence,  equating  these  values  of  V  and  inserting  the  proper  value  of 
V,  we  can  easily  find  that — 

/>y^cos)8/=i?C,  siny3/.     .     .    (93) 

/CI 
or    V  L  *  c'  =  ^  ^^'^  i?i  V  CL     .    (94) 

or     (^/^CL)tan(2^VCL)  =  g (96) 

Hence,  as  before,  the  time  period  of  the  fundamental  oscillation  is 
obtained  from  the  equation — 

O0X)'.« (96) 

or     T  =  27r'v/C7L/ (97) 
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Gl. 


Since  -p  is  nearly  zero,  the  time  periods  of  the  harmonics  are  given 
by  the  solution  of  the  equation — 


tan  (  y  ZVCL  )  =  0 


6r     y/VCL  =  IT,      2ir,      3ir,  etc.      .     , 

Accordingly,  the  time  periods  are  given  by — 

T  =  /Vol,       i/VCL,       i/^^CL.  etc.  ^ 
or    T=2I</CL,,       f/VCL,       f/^CL,  etc.-' 
and  the  respective  wave  lengths  possible  by  the  equations — 


X  =  /, 


/ 
2' 


^.etc. 


or    X  =  2/,        |/,        §/,  etc. 


(98) 
(99) 

(100) 
(101) 


It  is  clear,  therefore,  that  two  sets  of  harmonics  can  arise. 

First,  a  set  which  have  wave  lengths  given  by  X  =  /,   3,    ^,  etc. 


\o 


r^ 


Non-radiative.  Radiative. 

nary  Potential  Oscillations  set  up  on  Loop  Anteni 
as  to  be  respectively  Badiative  or  Non-radiative. 


Fig.  23.-  Stationary  Potential  Oscillations  set  up  on  Loop  Antennae  of  such  Type 

Q-radia" 


These  have  a  potential  node  and  a  current  antinode  at  the  symmetrical 
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or  middle  point  of  the  loop,  and,  as  already  explained,  these  cannot 
radiate. 

Secondly,  there  may  arise  another  set  which  have  wave  lengths 
given  by — 

.       n,       2/       21    ^ 
A  =  2/,       g,       g,  etc., 

and  for  these  oscillatidlis  the  middle  point  in  the  loop  is  a  current  node 
or  potential  antinode,  and,  moreover,  at  the  same  level  in  the  two  sides 
of  the  loop  the  currents  are  moving  in  the  same  direction.  The  two 
sides  of  the  loop  therefore  act  like  two  separate  parallel  and  adjacent 
"Marconi  aerials  connected  together  at  the  top,  and  the  closed  loop 
radiates.  The  first  set  of  harmonics  which  includes  the  fundamental 
is  non-radiative,  and  for  these  the  whole  length  of  the  loop  is  an 
integer  multiple  of  the  wave  length  of  the  harmonic  (see  Fig.  23). 

The  second  set  of  harmonics  is  radiative,  and  for  these  the  whole 
length  of  the  loop  is  an  odd  integer  multiple  of  half  the  wave  length. 
For  in  these  the  current  at  corresponding  points  in  the  two  vertical 
sides  of  the  loop  is  in  the  same  direction. 

These  looped  earthed  aerials  are  therefore  a  curious  instance  of 
a  circuit  which  can  be  radiative  for  some  frequencies  and  not  for 
others. 

These  radiative  harmonics  are  therefore  damped  out  by  radiation 
more  quickly  than  the  non-radiative  ones. 


CHAPTER  V 
ELECTBOMAONETIC  WAVES 

1.  The  Electroma^etio  Medium  and  its  Properties.— The  fact 
that  electric  oscillations  produced  in  one  circuit  can  set  up  second- 
ary oscillations  in  another  circuit  at  a  distance  forces  upon  us  the 
consideration  of  the  nature  of  the  machinery  by  which  this  is  effected. 

Notable  investigators  of  natural  phenomena,  from  Newton  to 
Maxwell,  have  strongly  expressed  their  conviction  that  distance  actions 
of  this  character  make  it  necessary  for  us  to  consider  them  as  the  result 
of  operations  taking  place  in  some  interconnecting  medium,  or  else  we 
have  to  take  refuge  in  the  bare  assumption,  repugnant  alike  to  common 
sense  as  well  as  philosophic  thought,  that  matter  can  act  in  a  place 
where  it  is  not. 

The  propagation  of  light  with  a  finite  velocity  through  interstellar 
space  has  compelled  us  to  accept  the  hypothesis,  with  some  consider- 
able body  of  arguments  in  its  favour,  that  space  is  occupied  by  a 
medium  called  the  asther,  capable  of  transmitting  undulations,  which, 
when  falling  on  the  retina  of  the  eye,  produce  the  sensation  of  light. 
Ampere,  Faraday,  Henry,  and  others,'  moreover,  long  ago  arrived  at 
the  conclusion  that  electric  and  magnetic  phenomena,  especially  the 
facts  of  electric  and  magnetic  induction,  demanded  also  the  assumption 
of  a  special  medium  for  their  explanation.  Maxwell  has  remarked 
that  it  is  clearly  unphilosophical  to  postulate  more  than  one  aether. 
Hence  the  work  done  by  Huyghens,  A»go,  Fresnel,  and  their  followers 
in  deducing  consistently  observed  optical  effects  from  the  assumed 
properties  of  the  luminous  aether  called  for  a  corresponding  definite 
effort  on  the  part  of  electricians.  The  work  began  when  Clerk 
Maxwell  took  up  the  study  of  Faraday's  experimental  researches, 
and  endeavoured  to  discern  whether  the  ideas  of  Faraday,  which  were 
then  not  in  accord  with  current  views,  were  capable  of  being  trans- 
lated into  mathematical  language,  and  made  the  foundation  of  a  new 
method  of  regarding  electrical  facts. 

The  publication  in  1865  of  Maxwell's  paper,  "  A  Dynamical  Theory 
of  the  Electromagnetic  Field,"  marks  a  great  epoch  in  the  history  of 
scientific  thought.^  In  that  paper  Maxwell  applied  to  the  facts  of 
electromagnetism  certain  equations  and  methods  of  analysis  which  the 
French  mathematician,  Joseph  Louis  Lagrange,  had  employed  in 
formulating  the  dynamical  relations  of  the  Mnetic  and  potential 
energies,  the  velocities  and  momenta  of  various  parts  of  any  system  of 
interconnected  moving  material  masses.     Maxwell  saw  that  in  electric 

^  Maxwell  sent  this  paper  to  the  Royal  Society  on  October  12, 1864.  It  was 
read  on  December  8,  1^,  and  printed  in  the  Philosophical  TraTisactums  of  the 
Royal  Society  for  1865,  vol.  156,  p.  419. 
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and  magnetic  actions  we  have  energy  involved,  and  that  this  energy 
takes  two  forms,  electrostatic  and  electrokinetic,  which  have  a  close 
similarity  to  energy  of  strain  and  motion.  Moreover,  the  intercon- 
vertibility  of  various  forms  of  energy,  and  the  fact  that  we  can 
evaluate  them  in  their  equivalent  in  motional  energy,  whilst  indicating 
that  all  energy  is  probably  in  the  ultimate  issue  kinetic  in  nature, 
afifords  at  the  same  time  logical  ground  for  applying  the  theorem  of 
Lagrange  to  the  phenomena  of  electricity  and  magnetism. 

The  systematic  examination  that  has  been  made  of  the  relations  of 
the  electric  and  magnetic  quantities  shows  us  that  we  can  co-ordinate 
them  in  a  scheme  of  related  magnitudes,  each  one  corresponding  to 
some  well-known  dynamical  equivalent.  Thus,  corresponding  to  the 
fundamental  dynamical  quantities,  e.g.  mass,  velocity,  acceleration, 
momentum,  force,  energy,  and  activity  or  power,  we  can  place  in 
contiguity  such  electrical  quantities  as  inductance,  current,  rate  of 
current  change,  total  magnetic  flux,  electromotive  force  of  self- 
induction,  current  energy,  and  rate  of  dissipation  of  current  energy. 
In  parallel  with  mechanical  quantities  such  as  stress,  strain,  elastic 
yielding,  strain  energy,  we  can  place  analogous  electric  and  magnetic 
quantities  such  as  electric  and  magnetic  forces,  displacement  or 
magnetic  flux,  dielectric  constant  or  magnetic  permeability,  and  electric 
or  magnetic  energy. 

We  may,  as  Heaviside  and  other  writers  have  shown,  draw  up 
many  consistent  schemes  of  analogy  between  mechanical  and  electro- 
magnetic quantities,  but  we  must  beware  of  enslaving  ourselves  to  any 
one  particular  set  of  mechanical  similarities.  Analogies  of  this  kind 
are  often  like  mountain  paths,  yvhich  begin  in  well-beaten  routes,  but 
sooner  or  later,  if  followed  up  too  far,  terminate  in  a  barren  region. 
There  remains,  however,  the  fact  that  corresponding  to  two  well- 
recognized  forms  of  mechanical  energy,  namely,  motional  energy 
measured  by  half  the  product  of  momentum  and  velocity,  and  con- 
figurational  energy  measured  by  half  the  product  of  stress  and  strain, 
we  have  a  duplex  system  of  electric  and  magnetic  quantities,  which 
are  for  the  most  part  circuital  or  manifested  in  circuits.  Thus  we 
have  tico  circuiis,  the  electric  and  magnetic;  fux>  2^hf/su-al  effects  pro- 
duced in  these,  electiic  strain  or  displacement  (D)  and  magnetic  flux. 
(F) ;  two  agencies  producing  these  effects,  the  electric  and  magnetic 
forces ;  two  specific  phi/skal  qualities  of  the  circuits  corresponding  thereto, 
namely,  dielectric  constant  and  magnetic  permeability,  or,  as  Mr. 'Oliver 
Heaviside  calls  them jpermittiriti/a,nd  indnctirity  ;  also  two  line  integrals  ol 
electric  and  magnetic  force  called  respectively  roltage  (V)  and  gaiissage 
(G) ;  (wo  forms  of  energy ,  electric  and  magnetic ;  and  tico  corresponding 
forms  of  actiiity  or  power. 

Moreover,  we  have  a  curious  interlinking  of  these  quantities  when 
circuital,  best  expressed  by  two  circuital  laws  which  symbolically  and  in 
rational  units  are  stated  as  follows : — '^ 

-  F  =  V  and  b  =  G 

where  the  dot  over  the  symbol  signifies  time  differentiation  or  ... 

-  For  a  fuller  information  on  Mr.  Hcaviside's  system  of  rational  electric  and 
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The  first  of  these  equations  is  merely  the  symbolical  expression  of 
Faraday's  law,  that  the  electromotive  force  or  line  integral  of  electric 
force  round  any  circuit  is  numerically  equal  to  the  time  rate  of  decrease 

of  the  magnetic  flux  through  it  ( —  F) ;  and  the  second  is  the  simplest 
expression   of   Maxwell's  principle  that  the  time  rate  of  change  of 

electrical  displacement  (D)  through  any  circuit  is  measured  by  the 
gaussage  or  line  integral  of  magnetic  force  round  the  circuit. 

In  cases  when  the  circuits  are  formed  of  certain  kinds  of  matter  we 
have  also  to  introduce  two  other  conceptions,  namely,  electric  current 
and  magnetization  f  which  are  produced  when  the  two  circuits  possess 
conductivity  or  susceptibility,  and  when  these  qualities  are  present  the 
fundamental  equations  take  a  more  general  form,  which,  expressed  by 
Heaviside  in  rational  units,  are — 

-  (F  +  M)  =  V  and  Q  +  i)  =  G, 

where  M  stands  for  magnetization,  and  Q  for  a  quantity  of  electricity 
moved  non-elastically  past  any  section  of  the  circuit." 

Out  of  this  double-stranded  system  of  interlinked  quantities  and 
their  fundamental  relations,  it  follows  that  in  considering  the  measure- 
ment of  any  one  electric  or  magnetic  quantity  we  can  arrive  at  the 
same  point  by  two  paths,  starting  either  from  an  electric  or  magnetic 
definition.  Thus,  we  may  consider  an  electric  current  to  be  due  to  a 
series  of  successive  discharges  of  electric  strain  by  a  conductor,  or  we 
may  consider  it  to  arise  from  the  movement  of  a  magnet  to  or  from  a 
closed  conducting  circuit.  In  the  one  case  our  measure  of  current 
involves  the  quantity  K  or  the  dielectric  constant  of  the  medium  in 
which  the  electric  strain  takes  place.  In  the  other  case  it  involves  /a, 
or  the  magnetic  permeability  of  the  medium  which  encloses  the 
magnet  and  the  circuit. 

In  every  case  in  which  this  double  measurement  of  the  same 
quantity  can  be  carried  out,  the  numerical  ratio  of  the  two  measure- 
ments when  conducted  in  absolute  or  dynamical  units  gives  us  a 
number  which  it  can  be  shown  represents  either  the  geometrical 

mean  of  K  and  /a,  viz.  J'aK,  or  its  reciprocal    ,— =.,  or  their  squares 

fiK  and  ^.     In  other  words,  it  gives  us  a  numerical  value  for  the 

product  of  these  two  qualities,  but  it  does  not  tell  us  their  individual 
values  for  any  medium.* 

An  immense  number  of  investigations  of  the  last  twenty  years 
have  shown  that  the  product  /aK  in  the  centimetre,  gramme,  second 
system  of  absolute  units  for  air,  or  a  good  vacuum  closely  approximates 

magnetic  units,  the  reader  must  be  referred  to  his  book,  "  Electromagnetic 
Theory,"  vol.  i.  chap.  ii. 

'  The  systomatic  formulation  of  these  circuital  laws,  as  well  as  a  fuller  appre- 
ciation and  elucidation  of  Maxwell's  views,  have  been  assisted  of  late  years  in  a 
remarkable  degree  by  the  writings  of  Mr.  Oliver  Heaviside. 

*  For  a  more  complete  discussion  of  this  matter,  the  reader  is  referred  to  the 
author's  treatise  on  »*  The  Alternate  Current  Transformer,"  vol.  1,  p.  354  (The 
Electrician  Printing  and  Publishing  Company,  London). 
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to  a  value  q^\c^>  ^^^  ^^  identical  numerically  with  the  square  of  the 

reciprocal  of  the  velocity  of  light.  This  numeric  3  x  10*°  will  be 
hereafter  denoted  by  the  symbol  tt.  A  list  of  the  principal  determina- 
tions of  this  unitary  ratio  called  u  is  given  in  Table  I. 


TABLE  I. 
Tablb  op  Observed  Values  op  u  in  Cbntimetees  per  Second. 


Electric 

tt  in  oenti- 

Year. 

N&me. 

Reference. 

quantity 

metrea  per 
second. 

measured. 

1866     Weber  and  Kohl- 

Elcctrodynamische  Maas- 

Quantity 

3107  X  10»* 

rftiiBoh 

bestimmungen  und  Pogg. 
Ann.,  xcix.,  Aug.  10, 1866 

1867  '  Lord  Kelvin  and 

"  Report  of  British  Associ- 

Potential 

2-81    xlO»* 

1868  !    W.  F.  King 

ation,  1869,"  p.  484 ;  and 

"Reports  on  Electrical 
Standards,"   F.  Jenkin, 

p.  186 

1868 

Clerk  Maxwell 

Phil    Trans,    Boy.  Soc., 
1868,  p.  648 

»» 

2-84    X  10»» 

1872 

Lord  Kelvin  and 

Phil.   Trans.    Boy.    Soc., 

II 

2-89    X  10»» 

DugaldMcKichan 

1878,  p.  409                         j 
Journal  of  the  Society  of     Capacity 

1878 

Ayrton  and  Perry 

2-94    X  10»» 

Telegraph  Engineers,  vol. 

1 

viii.  p.  126 

1880 

Lord  Kelvin  and 
Shida 

Phil.  Mag.,  1880,  vol.  x.  p. 
481 

Potential 

2-965  X  10" 

1881 

Stoletow 

Soc.  Franc,  de  Phys.,  1881 

Capacity 

2-99    Xl0»« 

1882 

F.  Exner 

Wien.  Ber.,  1882 

Potential 

2-92    X  10»* 

1883 

J.  J.  Thomson 

Phil.   Trans.    Boy.   Soc., 
1888,  p.  707 

Capacity 

2-963  X  10>« 

1884 

Klemencic 

Proc.  of  the  Soc.  of  Tele- 
graph    Engineers,    1887, 
p.  162 

>i 

3-019  X  10" 

1888 

Himstedt 

Electrician,  Mar.  28, 1888, 
vol.  XX.  p.  680 

>} 

3007  X  10" 

1888 

Lord  Kelvin,  Ayr- 
ton  and  Perry 

British  Association,  Bath ; 
and  Electrician,  Sept.  28, 

1888 

Potential 

2-92    X  10" 

1888 

Fison 

Electrician,   vol.    xxi.  p. 
216 ;  and  Proc.  Phys.  Soc. , 
London,  June  9, 1888 

Capacity 

* 

2-966  X  10" 

1889 

Lord  Kelvin 

Royal  Institution  Lecture, 
Feb.  8, 1889 

Potential 

3004  X  10" 

1889 

Rowland 

Phil.  Mag.,  1889 

Quantity 

2-981  X  10" 

1889 

E.  B.  Kosa 

Phil.  Mag.,  1889 

Capacity 

3-000  X  10" 

1890 

J.  J.  Thomson  and 
Searle 

Phil.  Trans.,  1890 

>i 

2-996  X  10" 

1897 

M.  E.  Maltby 

\Vied.  Ann.,  1897 

Alternating 

3-016  X  10" 

1 
1 

currents 

_ 

I 



_ 



1 


A  glance  at  this  Table  shows  that  the  numerical  value  of  u  or  of 


for  air  or  vacuum  is  nearly  identical  with  that  of  the  velocity 
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of  light  through  empty  space  when  measured  in  centimetres  per 
second. 

The  fact  that  the  ratio  between  electric  and  magnetic  quantities 
measured  on  two  systems  is  so  closely  connected  with  the  numerical 
value  of  the  velocity  of  light,  is  a  strong  argument  that  there  must  be 
some  common  basis  for  optical  and  electromagnetic  phenomena. 

Since  light  is  propagated  from'  place  to  place  with  a  finite  velocity, 
and  as  the  facts  of  interference  prove  it  to  be  a  wave  motion,  theorists 
had  been  compelled  to  assume  the  existence  of  a  space-filling  medium 
possessing  two  qualities — first,  inertia,  in  virtue  of  which  kinetic  energy 
is  exhibited  by  parts  of  the  medium  in  motion,  and  secondly  an  elastic 
resistance  to  strain  or  distortion  of  some  kind,  in  consequence  of  which 
potential  energy  is  stored  up  in  the  distorted  medium,  these  two 
properties  being  the  essential  qualities  of  a  medium  capable  of 
undulation. 

The  study  of  physical  optics  resolved  itself,  then,  into  a  dynamical 
analysis  of  the  phenomena,  and  efforts  to  explain  them  by  the  hypo- 
thesis of  an  8Bther  possessing  inertia  and  capable  of  some  elastic 
distortion  in  virtue  of  which  waves  could  be  propagated  through  it. 

Maxwell's  electromagnetic  theory  starts  from  a  more  general 
point  of  view.  We  know  nothing  about  the  inner  structure  of  the 
sether  or  the  kind  of  distortions  it  can  experience.  We  do,  however, 
know  that  in  a  dielectric,  even  empty  space,  we  have  present  at 
any  point  the  two  qualities  permeability  and  dielectric  constant  or 
inductivity,  and  also  that  in  electric  and  magnetic  phenomena  we  are 
concerned  with  two  physical  effects,  called  respectively  magnetic  flux 
and  electric  displacement  or  strain.  When  these  conceptions  and  the 
fundamental  relations  of  the  electric  and  magnetic  quantities  had 
been  mathematically  expressed,  Maxwell  found  that  they  led  to  equa- 
tions of  the  same  type  and  form  as  those  which  express  the  propaga- 
tion of  an  imdulation  through  a  continuous  medium,  and  they  indicated 
that  if  the  effects  we  call  magnetic  flux  or  electric  displacement  are 
created  at  one  point  in  space  they  are  propagated  in  all  directions 
with  the  velocity  of  light  in  that  dielectric. 

Starting  from  fundamental  electric  and  magnetic  facts,  it  has  been 
foimd  possible  to  build  up  a  theory  which  embraces  not  only  electrical 
but  optical  phenomena,  and  shows  them  to  be  manifestations  of  the 
properties  of  one  single  medium,  modified,  however,  profoundly  in 
certain  locahties  by  the  presence  of  that  which  we  call  gravitative 
matter.  This  comprehensive  theory  is  generally  known  as  Maxwell's 
theory,  and  it  will  be  necessary  to  consider  it  at  least  in  outline. 

Broadly  speaking,  it  may  be  held  to  be,  that  there  exists  a  space- 
filling aether  or  medium,  not,  as  far  as  we  know,  composed  of  gravita- 
tive matter,  the  principal  qualities  it  possesses  being  those  in  virtue 
of  which  two  physical  states  can  be  established  in  it,  one  called 
Electric  Strain  and  the  other  Magnetic  Flux.  From  the  known  rela- 
tions between  these  states  it  can  be  shown  that  when  either  of  them 
is  established  in  one  place  it  will  spread  or  diffuse  with  a  velocity 
equal  to  that  of  light.  The  inference  is  that  optical  phenomena  are 
electromagnetic  in  nature,  and  must  be  interpreted  in  terms  of  the 
known  electric  and  magnetic  properties  of  dielectrics,  and  not  by  the 
assumption  of  mechanical  qualities  which  cannot  be  verified. 
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2.  Maxwell's  Theory  of  Eleotromagnetic  Phenomena.— Since 

electric  and  magnetic  forces  are  vector  quantities  having  direction  as 
well  as  magnitude  at  every  point  in  the  electric  and  magnetic  field, 
and  since  they  are  obviously  related  to  each  other,  we  must  in  the 
first  place  consider  some  qualities  of  vectors  generally. 

Let  us  suppose  any  closed  curye  described  in  a  region  in  which 
there  is  a  distribution  of  a  certain  vector  quantity,  E.  Divide  the 
curve  up  into  elements  of  length,  &,  and  at  every  point  of  the  curve 
resolve  the  vector  E  denoting  the  quantity  considered  at  that  point 
into  components  along  these  elements  of  length.  Then  the  sum  or 
integral  of  all  such  quantities  as  E  cos  $dsj  where  $  is  the  angle 
between  the  direction  of  d$  and  the  direction  of  the  vector  £  at  its 
centre,  is  called  the  line  integral  of  E  along  the  curve.  In  taking  this 
integral,  the  sign  of  the  product  must  be  reckoned  positive  when  the 
direction  of  the  vector  is  in  the  same  direction  as  the  movement  round 
the  curve,  and  negative  when  it  is  against  it.  In  many  cases  this  line 
integral  round  a  closed  curve  drawn  in  the  field  is  zero,  and  the  vector 
is  then  said  to  have  a  potential 

Thus  if  E  denotes  the  electric  force  in  the  electric  field  near  an 
electrified  body,  then  /E  cos  Ods  is  zero  for  any  closed  curve  so  drawn, 
and  the  electric  force  is  thus  said  to  be  derived  from,  or  to  have  a 
potential. 

In  other  cases  this  line  integral  is  not  zero,  but  has  a  finite  value 
independent  of  the  form  of  the  path,  but  which  is  increased  n  times  by 
taking  the  line  integral  n  times  round  the  circuit.  This  is  the  case 
with  the  magnetic  field  round  a  conductor  conveying  an  electric 
current ;  for  if  the  conductor  carries  a  current,  C,  the  line  integral  of 
the  magnetic  force  taken  along  a  line  embracing  the  circuit  can 
easily  be  shown  to  be  equal  to  ^wG  for  a  single  journey  round,  and  to 
^imC  for  n  journeys  round  the  closed  line.  The  vector  is  then  said 
to  hare  a  many-valued  potential 

On  the  other  hand,  the  line  integral  may  have  a  value  which  is 
dependent  upon  the  form  of  the  path.  If  the  area  enclosed  by  the 
path  is  small  and  lies  in  one  plane,  the  ratio  of  the  quotient  obtained 
by  dividing  the  Une  integral  by  the  area  of  the  path  may  have  a  finite 
limit,  and  in  this  case  the  limiting  value  is  called  the  curl  of  the  vector  in 
that  plan/'. 

At  any  one  point  in  the  field  there  is  some  plane  in  which  this 
ratio  is  a  maximum,  and  this  maximum  value  is  generally  called  the 
curl  of  the  vector. 

A  curl  is  itself  a  vector,  and  may  be  resolved  into  component  curls. 
Very  often  the  curl  has  a  physical  meaning  with  respect  to  the 
original  vector  which  gave  rise  to  it. 

Thus  it  can  be  shown  that  if  the  vector  considered  is  the  velocity 
of  the  particles  of  a  liquid  mass  at  various  points,  then  the  curl 
denotes  twice  the  angular  velocity  with  which  a  very  small  sphere  of 
the  liquid,  which  may  be  supposed  to  enclose  and  coincide  with  the 
particle  considered,  is  rotating.  Suppose  we  consider  any  vector,  E, 
which  has  rectangular  components,  X,  Y,  and  Z,  along  three  rect- 
angular axes,  Xf  y,  and  z. 

If,  then,  we  describe  a  little  rectangle  on  each  co-ordinate  plane, 
and  take  the  line  integral  round  it,  we  shall  obtain  the  rectangular 
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component  of  the  curl.  Thus  on  the  plane  of  xij  we  have  the  line 
integral  round  the  parallelogram  dx  .  dy,  with  one  comer  at  the  origin 
given  by — 

Xdx  +  r  Y  +  ^^JdAdy  -  r  X  +  -^dtAdx  -  Ydy 

which  is  equal  to       f    , j    jdx  ,  dy 

The  above  conclusion  follows  at  once  from  Taylor's  theorem  that 

if  //  is  the  ordinate  of  any  curve  at  abscissa  x,  then  the  ordinate 

dv  ■* 

corresponding  to  abscissa  x  +  dx\^  y  +  :-  dx.     Hence  the  component 

curl  on  the  plane  xy  is  (  "77  ""  T~  )  i  ^^^  similarly  the  component 
curls  in  the  planes  yz  and  zx  are  respectively — 

fdZ_  dY  \  ^^^  rdK  _dZ\ 
\  dy       dz  J  \  dz       dx  ) 

There  is,  then,  a  connection  between  a  vector  and  its  curl,  the 
statement  of  which  constitutes  an  important  theorem.  If  we  have 
any  surface  bounded  by  any  hne  described  in  a  field  in  which  a  certain 
vector  quantity  is  distributed,  we  may  cut  up  this  surface  into  small 
elements  of  area.  It  follows  by  the  above  definition  of  the  curl  that 
the  product  of  the  curl  for  each  element  of  area  and  the  size  of  that 
area  is  equal  to  the  line  integral  of  the  vector  round  the  boundary  of 
the  element.  Hence  if  we  take  the  hne  integrals  round  all  the 
elements,  the  line  integral  for  each  common  boundary  of  any  pair  of 
elements  of  the  area  is  taken  twice,  once  negatively  and  once 
positively,  and  the  products  cancel  each  other.  Accordingly,  it  is  easy 
to  see  that  the  line  inteifral  of  a  vector  rounfi  the  boundary  of  the  whole  of  the 
surface  us  eipwl  to  the  surfa/'e  integral  of  its  curl  aver  tJie  whole  of  the  surface. 

Conversely,  if  this  relation  holds  good  between  two  quantities,  viz. 
that  the  line  integral  of  one  is  equal  to  the  surface  integral  of  the 
other,  we  are  enabled  to  recognize  by  it  that  the  one  quantity  bears 
to  the  other  the  relation  of  vector  and  corresponding  curl. 

Let  us  consider,  then,  the  relation  between  the  electric  and  magnetic 
forces  and  their  effects,  viz.  the  electric  displacement  and  magnetic  flux. 
Let  E  be  the  electric  force  at  any  point  in  a  dielectric  and  H  the 
magnetic  force.  Let  D  be  the  corresponding  electric  strain  or  dis- 
placement and  B  the  magnetic  flux.  Then  in  the  ordinary  system  of 
units  we  have — 

B  =  /xH (1) 

^=4^ ^2) 

where  /a  is  the  magnetic  permeability  and  K  is  the  dielectric 
constant.* 

^  In  Mr.  Oliver  Heaviftide*8  Bystem  of  rational  units  the  4ir  would  be  omitted 
and  the  relation  between  D  and  E  expressed  by  the  equation  D  =  KE. 

U 
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If,  then,  we  describe  any  closed  line  in  a  conductor,  and  make  the 
magnetic  flux  through  it  vary  with  time,  we  have  produced  in  the  circuit 
an  electromotive  force.  In  accordance  with  Faraday's  law,  the  time 
rate  of  change  of  the  surface  integral  of  the  magnetic  flux  through  this 
area  is  a  measure  of  the  electromotive  force  created  in  the  circuit. 
This  electromotive  force  is  the  Une  integral  of  the  electric  force  E. 
Hence  the  Une  integral  of  E  round  the  boundary  is  equal  to  the  surface 

integral  oi  —-r.  (or  of  —  B,  as  we  may  write  it)  over  the  area.   Therefore 

it  follows  that  —  B  is  the  curl  of  E,  or  the  time  rate  of  decrease  of  the 
magnetic  flux  is  the  curl  of  the  electric  force. 


>kH 


Fig.  1.— Electric  and  Magnetic  Vectors  at  Right  Angles. 

But   since   fiH  =  B,  we   may  write  the  above   equation   in  the 
form — 


— ;iH  =  curl  E 


(3) 


Again,  if  round  an  electric  current  we  describe  any  closed  Une,  the 
Hne  integral  of  the  magnetic  force  along  that  line  is  equal  to  4irC 
where  C  is  the  total  electric  current  through  the  closed  line.  Maxwell 
laid  down  as  a  fundamental  principle  that  when  change  of  electric 
displacement  through  a  dielectric  takes  place,  the  change,  whilM 
tdldng  place,  produces  all  the  magnetic  effect  of  a  current.  Hence,  if 
we  denote  the  rate  of  change  of  electric  displacement  with  time  by 

the  symbol  D  =  -,7,  then  the  total  displacement  is  the  surface  integral 

of  D,  and  the  effective  current  is  the  sm-face  integral  of  D.  Accord- 
ingly, when  dealing  with  a  pure  dielectric  we  may,  in  accordance  with 
Maxwell's  postulate,  consider  that  the  time  rate  of  change  of  the 
total  displacement  produces  a  magnetic  force  embracing  it,  and  that 
the  hne  integral  of   this   magnetic   force  is  equal  to  47r  times  the 
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total  displacement  current  surrounded.     Hence  the  surface  integral 

of  47rD  is  equal  to  the  line  integral  of  H,  or  ^irO  must  be  the  curl  of 

K 
H.     But  since  D  =  — E,  it  follows  that  iwD  =  KE,  and  accordingly 

KE  is  the  curl  of  H,  or — 

Ke  =  curl  H (4) 

Putting  together  equations  (3)  and  (4),  we  see  that  there  is  a 
direct  and  a  cross  relation  between  E  and  H,  as  follows :  — 

4irD  =  KE  \ 

B=,iH  I 

4irD  =  KE  =  curlH     r (^) 

-B=  -/iH  =  curl  E  ) 

These  equations  are  the  fundamental  equations  connecting  the 
so-called  forces,  fluxes,  and  qualities  of  the  dielectric  medium. 

Suppose  that  we  apply  them  to  a  very  simple  case.  Let  the 
vector  E  be  everywhere  parallel  to  itself  and  its  direction  taken  as 
the  X  axis.  Let  the  vector  H  be  at  right  angles  to  E  and  its  direction 
.taken  as  the  y  axis  (see  Fig.  1). 

Also  let  the  value  of  E  and  H  diminish  as  we  proceed  along  the 
z  axis. 

Then  the  curl  of  E  in  the  plane  xz  is    ,  ,  and  in  the  plane  of  i/x  is 

,  ,  and  in  the  plane  of  ijz  it  is  zero.    Similarly,  the  curl  of  H  is  zero 

for  the  plane  rr.     For  the  plane  f/z  it  is    j^ ,  and  for  the  plane  i/j- 

ax 

Consider  the  plane  perpendicular  to  the  direction  of  H,  viz.  the 

(lE 
xz  plane.    The  curl  of  E  for  that  plane  is  ^^.    Also  consider  the  plane 

perpendicular  to  the  direction  of  E,  viz.  the  p  plane. 

The  curl  of  H  for  that  plane  is  -p.     Therefore,  substituting  in  the 

general  equations  (5),  we  have — 

j^dE  _  dH 

iU       dz  I  fp^ 

dH^dE  y ^^) 

""'^r//        dz 

Differentiate  these  equations  with  respect  to  r,  and  with  respect  to 
/,  and  equate  results.     We  obtain — 


d^H  ,     jrd^H      ^  .„. 
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-d    S  +  M<'  =  0 (8) 


The  above  differential  equations  have  general  solutions  of  the 
form — 

H=Mz-ni)+Mz  +  ni) (9) 

£=M^-nt)+Mz-vi) (10) 

where /j,  /a, /j,  and/4  a^^e  some  functions  of  z  and  /  and  u  =  -.  — . 

These  are  well-known  equations  which  indicate  that  E  and  H  are 
propagated  through  space  with  a  velocity  w,  since  they  remain 
unchanged  if  for  .z  we  put  z  +  :f  and  for  /  we  put  t  +  f,  provided 

^  =  w.     In  other  words,  the  electromagnetic  disturbance  reaches  a 

point  at  a  distance  ^  further  on  in  a  time  f,  such  that  :^  =iuf,  and 
u  is  therefore  the  velocity  of  propagation.  The  matter  may  be  put 
verbally  thus :  The  characteristic  of  a  wave  of  any  kind  is  that  the 
same  physical  events  are  taking  place  at  the  same  moment  at  places 
separated  by  a  distance  called  a  wave  length.  Also  the  changes  are 
periodic  or  cyclical  both  in  space  and  in  time. 

The  above  equations  may  be  generahzed  for  space  of  three' 
dimensions,  as  follows : — 

Let  X,  Y,  and  Z  be  the  components  of  electric  force  E  at  any 
point,  measured  in  electrostatic  units,  and  let  F,  G,  and  H  be  the 
components  of  the  magnetic  force  H  at  the  same  point  measured  in 
electromagnetic  units.  Then,  since  the  unit  of  electrostatic  electro- 
motive force  is  3  X  10***  larger  than  the  unit  of  electromagnetic 
electromotive  force,  we  can  write  the  general  equations  connecting 
X,  Y,  and  Z  with  F,  G,  and  H  for  any  dielectric  medium  of  dielectric 

constant  K  and  permeability  as  follows :  where  A  stands  for  -  and 

?/  =  3  X  10*",  or  is  the  velocity  of  hght  in  centimetres  per  second  and 
the  unitary  ratio.     We  have  then  — 

,//F__^/Z      (iY\  ,^<lX_dG      (IR 

^^df  -dfj'  <h]  "^     dt  -(t       dif 

a/^^1^-^^?  .     (11)  AK?  =  ^iH_^j 

^  dt       dz        dr  I        ^     ^  df        dx        dz  \         ^  ^ 

^  //H^fZY^rDC  ^^IZ  ^  rjF_(ZGl 

*      dt       dx       dij  '  ^  dt        dy       dx ' 

The  above  equations  are  in  the  form  given  by  Hertz,  and  in 
writing  them  he  follows  conventions  as  to  directions  of  axes,  as 
follows.  Suppose  the  origin  of  the  co-ordinates  to  be  within  the  head 
of  the  reader,  then  the  x  axis  is  directed  straight  away  from  you 
horizontally,  the  direction  of  the  r  axis  is  straight  up,  and  the  direc- 
tion of  the  ;//  axis  is  to  the  right  hand.  This  plan  diflfei-s  from  the 
usual  English  plan  in  that  the  ;:  and  y  axes  have  changed  places. 
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Suppose  that  we  limit  our  consideration  to  space  occupied  only 
by  aether,  and  take  the  permeability  and  dielectric  constant  to  be 
unity.     Then  the  equations  (11)  and  (12)  become — • 


(14) 


^dF_dZ      dY\ 
lU       dij       dz 

dt        dz       dy 

,(«G     */X      dZ 
'  (U       dr.       dx       ' 
,(/H     dY     dX 
dt       dz      dij 

(13) 

,dY  dB  ,IF 
^dt^  ,L-  dz 

,dZ  dF  dG 
'  dt       dij       di 

Also  we  have  two  equations  of  continuity — 

dx^  d,,+  dz=^ (15) 

</X  ,  dY  ,  d'L      „ 

<-^  +  ,/,  +  ,L-=0 (16) 

which  express  the  fact  that  there  is  no  discontinuity  in  the  electric 
and  magnetic  force  in  the  region  considered. 

From  the  above  equations  it  is  easy  to  deduce  by  differentiation 
and  substitution  six  others,  viz. — 

d^F  ^   1  (d'^F      (t'¥      f  F\ 

df'      A^djc"  "^  (tf  ^  dzy <^^^) 

and  similar  ones  for  G  and  H. 

and  similar  ones  for  Y  and  Z. 

These  equations  may  be  written  symbolically  thus — 

A-^X  =  A(X)  where  A  stands  for  (  fl  +  f^  +  f  ..) 

\djf       df       dz'/ 

and  similar  ones  in  G  and  H  and  Y  and  Z.     These  equations  are  the 
general  differential  equations  for  the  propagation  of  a  disturbance  of 

any  type  with  finite  velocity  -r  through  a  medium,  and  they  are  similar 

to  those  which  can  be  obtained  in  the  case  of  a  disturbance  or  wave 
propagated  through  air  or  water. 

These  equations  are  the  simplest  mathematical  expression  of  the 
fact  that  the  aether  is  a  continuous  medium,  which  can  everywhere 
exhibit  two  physical  effects,  or  can  experience  two  correlated  changes, 
one  due  to  electric  and  the  other  to  magnetic  force.  We  may  accept 
this  as  an  ultimate  fact,  or  we  may  try  to  picture  to  ourselves  some 
form  of  mechanical  movement  or  displacement  constituting  these 
changes.     In  any  case  these  changes  are  not  independent  of  each 
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other.  The  occurrence  of  one  brings  into  existence  the  other,  and 
the  creation  of  electric  or  magnetic  force  at  one  point  results  in  its 
propagation  through  space  with  the  velocity  of  hght. 

Thus,  if  we  suppose  that  we  have  a  steady  electric  current  in  a 
wire,  then  this  involves  a  distribution  of  magnetic  force  throughout 
space,  along  certain  closed  lines.  If  we  imagine  this  current  sud- 
denly reversed  in  direction,  then  the  reversal  of  the  direction  of  the 
magnetic  force  due  to  it  at  points  in  space  about  3  x  10"  cms.,  or 
nearly  1000  million  feet  away,  would  not  take  place  at  the  same 
moment  as  the  reversal  of  the  current,  but  one  second  later.  During 
that  time  (one  second)  the  reversal  of  the  direction  of  the  magnetic 
force  would  be  travelling  through  space  as  a  change  in  the  medium. 
Hence  it  follows  that,  when  we  are  concerned  with  currents  which 
are  changing  their  direction  very  often  or  quickly,  as  in  the  case  of 
electric  oscillations,  we  are  also  concerned  with  rapid  changes  in  the 
surrounding  medium,  which  are  travelling  through  it  with  the  velocity 
of  light. 

This  at  once  suggested  to  Maxwell  that  what  we  call  light  is,  in 
fact,  an  electromagnetic  phenomena.  On  this  hypothesis,  along  the 
path  of  a  ray  of  light  we  must  have  electric  and  magnetic  forces 
normal  to  each  other  and  to  the  direction  of  propagation  of  the  ray, 
which  are  varying  rapidly  in  a  periodic  and  connected  manner,  and 
hence  giving  rise  to  waves  traveUing  with  the  electromagnetic  velocity. 

3.  Maxweirs  Law  oonneoting  Dieleotrio  Constant  and  Re- 
fpaotive  Index  for  Eleotromagnetio  Waves.— Maxwell's  next 
step  was  to  make  a  further  deduction  from  these  equations.  We 
know  that  light  moves  through  any  transparent  body,  say  water, 
more  slowly  than  through  empty  space,  as  shown  by  actual  experi- 
ment, and  the  ratio  of  the  velocity  in  space  to  the  velocity  in  water 
is  called  the  refractire  index  of  the  water.     Hence,  if  the  velocity  of 

electromagnetic  waves  in  space  is  measured  by    ,       ,  where  K  and  fi 

are  respectively  the  dielectric  constant  and  permeability  of  vacuous 
space,  it  is  a  legitimate  deduction  that  the  velocity  through  water  will 

be  represented  by  "/"^/jT"/,  where  K'  is  the  dielectric  constant  and  ft 

the  magnetic  permeaoility  of  water.  Accordingly,  the  refractive  index 
of  water  for  the  electromagnetic  waves  will  be  numerically  measured 
by  the  ratio  of — 

V/x'K'  to  V/IK 

Experiment  shows  that  the  permeability  /x'  in  the  space  occupied 
by  water  is  not  sensibly  different  from  the  permeability  /x  of  empty 
space.  Hence,  if  we  take  the  dielectric  constant  of  space  arbitrarily 
to  have  a  value  unity,  we  should  have  a  relation  between  the  dielectric 
constant  of  water  and  its  refractive  index  (e)  as  follows : — 

or  if  K  is  taken  as  unity,  then  the  dieloctric  constant  of  water  should 
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be  equal  to  the  square  of  its  refractive  index  for  electromagnetic 
waves. 

The  same  argument  applies  to  all  other  transparent  and  refractive 
dielectrics,  and  it  therefore  becomes  a  test  of  Maxwell's  theory  to 
examine  how  far  the  above  law  (called  MaxwelKs  law)  holds  good. 
At  the  time  when  Maxwell  pubhshed  his  theory  there  were  very  few 
data  by  which  to  test  it,  but  in  the  last  twenty  years  an  immense 
number  of  methods  of  measuring  dielectric  constants  have  been  in- 
vented, and  a  great  number  of  numerical  measurements  have  been 
made  for  various  substances  under  different  conditions  of  temperature 
and  frequency,  or  time  of  application  of  the  electric  force. 

Also  direct  measutements  have  been  made  of  the  refractive  index 
of  various  substances  for  electromagnetic  waves  of  various  wave 
lengths.  But  at  that  date  (1865-1866),  and  for  some  years  afterwards, 
the  only  measurements  of  refractive  index  which  had  been  made  were 
those  for  the  very  short  wave  lengths  constituting  light  or  eye-affecting 
electromagnetic  radiation.  On  comparing  together  the  measured 
value  of  the  dielectric  constant  of  each  of  the  few  optically  transparent 
dielectrics  with  the  square  of  its  refractive  index  for  rays  of  light, 
it  was  found  that  the  discrepancies  were  more  numerous  than  the 
agreements.  The  dielectric  constants  had  generally  been  measured 
by  comparing  the  ratio  of  a  steady  or  slow  period  alternating  electric 
force,  B,  with  the  corresponding  electric  displacement,  D,  so  as  to 
obtain  K  from  the  equation  — 

D  =  KE,  or  K  =  g 

If  this  experiment  is  tried,  for  example,  with  water,  with  steady 
or  even  fairly  rapidly  reversed  electric  displacements,  we  get  a  value 
for  K  not  far  from  80,  and  for  most  varieties  of  glass  we  obtain  values 
of  K  varying  from  6  to  10.  The  optical  refractive  index  of  water, 
however,  is  1*336,  and  that  of  most  kinds  of  glass  from  15  to  1*6 
or  more;  hence  it  is  clear  that  for  these  substances  there  is  an 
enormous  discrepancy  between  the  square  root  of  K  (namely,  9  and 
2*5  or  31)  and  the  optical  refractive  indices  (namely,  1*8  and  1*3). 

More  extensive  research  has  shown  that  there  are  many  substances 
for  which  we  obtain,  however,  a  fairly  good  agreement  between  the 
two  numbers.  Hence  we  may  divide  all  dielectrics  broadly  into  two 
classes,  one  including  those  substances  which  comply  fairly  well  with 
Maxwell's  law,  and  the  other  those  cases  in  which  there  are  great 
discreptocies  between  the  value  of  the  dielectric  constant  and  the 
square  of  its  optical  refractive  index. 

In  view  of  the  extreme  importance  of  the  interconnection  between 
refractive  index  and  dielectric  constant  as  a  test  of  Maxwell's  theory, 
it  is  desirable  to  discuss  briefly  the  nature  of  these  apparent  excep- 
tions to  Maxwell's  law.  Investigation  has  shown  that  the  values 
determined  for  dielectric  constants  are  immensely  affected  in  many 
cases  by  temperature  and  by  the  time  of  application  of  the  electric 
force.  Also  it  is  known  that  refractive  index  is  greatly  affected  by 
the  frequency. 

Deeding  first  with  the  effect  of  tempemture  on  dielectric  constant, 
a  somewhat  extensive  examination  has  been  made  of  the  effect  of  low 
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temperatures  on  dielectric  constants.  One  of  the  substances  examined 
with  great  care  by  Sir  James  Dewar  and  the  author  was  hquid  oxygen. 
8ir  James  Dewar  long  ago  showed  that  this  substance  had  remarkable 
magnetic  qualities,  and  a  preliminary  measurement  made  by  us 
showed  that  its  magnetic  permeabihty  had  a  value  exceeding  that  of 
saturated  ferric  chloride. 

As  liquid  oxygen  is  transparent,  and  as  its  refractive  index  had 
been  carefully  determined  by  Professor  Liveing  and  Sir  James 
Dewar,  it  was  evidently  desirable  to  measure  its  dielectric  constant 
carefully.  This  was  done  by  means  of  the  commutator  method 
already  explained,  using  a  small  aluminium  condenser  consisting  of 
seventeen  plates,  which  could  be  immersed  in  a  vessel  full  of  liquid 
oxygen.  The  result  was  to  show  that  liquid  oxygen  has  a  dielectric 
constant  1-491.®  The  capacity  of  the  small  condenser  with  air  as  its 
dielectric  at  16°  C.  was  0*001030  mfd.  The  above  value  has  been 
subst«,ntially  confirmed  more  recently  by  a  measurement  made  by  Dr. 
Fritz  Hasenoehrl,  at  the  University  of  Leyden,  his  value  for  the 
dielectric  constant  of  oxygen  being  1*465. 

The  refractive  index  of  liquid  oxygen  for  two  cadmium  lines  having 
a  wave  length  respectively  4416  and  6438  was  determined  by  Professor 
Liveing  and  Sir  James  Dewar  to  be  1*2249  and  1*2211. 

Calculating  from  the  above  measurements,  the  value  of  the  refrac- 
tive index  for  waves  of  infinite  wave  length,  we  obtain  the  value  1*2181. 
The  magnetic  permeabihty  of  liquid  oxygen  was  determined  by  a 
direct  method,  consisting  in  the  immersion  of  a  small  air  core  trans- 
former under  the  surface  of  liquid  oxygen.^  The  value  thus  obtained 
for  the  magnetic  permeability  of  liquid  oxygen  was  1*00287. 

A  more  recent  and  very  careful  measurement  of  the  susceptibiUty 
of  liquid  oxygen,  made  by  an  entirely  different  method  by  Sir  James 
Dewar  and  the  author,  showed  that  the  value  of  the  magnetic 
susceptibility  of  hquid  oxygen  is  323  x  10",  and  that  therefore  its 
permeability  is  equal  to  1*0041. 

If  we  take  the  value  of  the  square  of  the  index  of  refraction  of 
liquid  oxygen  for  waves  of  infinite  wave  length,  we  obtain  the  number 
2*4837 ;  if  we  take  the  product  of  the  dielectric  constant  of  liquid 
oxygen  as  determined  by  Fleming  and  Dewar,  namely,  1*491,  and  the 
value  of  its  permeability  as  obtained  by  the  direct  method,  namely, 
1*00287,  the  product  of  these  numbers  is  1*395.  If  we  take  the  best 
value  of  the  magnetic  permeability  as  determined  by  the  experiments 
on  the  susceptibility  of  liquid  oxygen  (namely,  1*0041),  and  take  the 
mean  value  of  the  dielectric  constants  as  determined  by  Fleming  and 
Dewar  and  Hasenoehrl,  which  is  1*478,  we  find  the  value  of  the  pro- 
duct of  1*478  and  1*0041  to  be  1*484,  which  agrees  almost  precisely 
with  the  value  of  the  square  of  the  refractive  index  of  liquid  oxygen 
for  waves  of  infinite  wave  length,  namely,  1*4837,  as  determined  by 
the  experiments  of  Liveing  and  Dewar. 

This  remarkable  equality  in  the  case  of  liquid  oxygen  between  i'^, 
or  the  square  of  optical  refractive  index  for  waves  of  infinite  wave 

*  See  Fleming  and  Dewar  on  •'  The  Dielectric  Constant  of  Liquid  Oxygen  and 
Liquid  Air,"  Proc,  Boy.  Soc,  1897,  vol.  60,  p.  868. 

•  See  Fleming  and  Dewar  on  "  The  Magnetic  Permeability  of  Liquid  Oxygen 
and  Liquid  Air,"  Proc.  Boy,  Soc.,  1896,  vol.  60,  p.  283. 
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length,  and  the  numerical  product  of  the  value  of  its  dielectric  con- 
stant K  and  the  magnetic  permeabiUty  ft,  is  a  very  interesting 
confirmation  of  Maxwell's  theory. 

We  have  in  liquid  oxygen  a  substance  which  possesses  four 
quahties  found  together  in  no  other  substances,  namely,  optical 
transparency,  almost  perfect  non-conducti\dty,  a  magnetic  permea- 
bility greater  than  unity,  and  a  dielectric  constant  nearly  50  per  cent, 
greater  than  that  of  empty  space. 

We  turn,  then,  again  to  the  question  of  the  discrepancies,  and  ask, 
how  is  it  that  such  substances  as  water,  alcohol,  aether,  and  glycerine, 
which  in  their  pure  condition  are  all  good  insulators,  and  therefore 
dielectrics,  and  optically  transparent,  show  such  marked  disobedience 
to  Maxwell's  law?  A  careful  investigation  of  this  point  has  shown 
that  temperature  is  largely  accountable  for  the  discrepancy. 

By  means  of  the  cone  condenser  described  in  Chap.  II.,  Sir  James 
Dewar  and  the  author  have  measured  the  dielectric  constant  of  ice, 
frozen  alcohol,  frozen  glycerine,  and  numerous  other  organic  or  inor- 
ganic frozen  liquids,  and  have  discovered  that  in  all  cases  cooling  them 
to  a  very  low  temperature  destroys  entirely  these  high  dielectric  values. 

Thus,  for  instance,  if  the  dielectric  constant  of  ice  is  measured 
with  an  electric  force  applied  either  continuously  or  alternating  1  to 
200  times  a  second,  the  temperature  of  the  ice  beingO°C.,  the  value  of 
the  dielectric  constant  found  is  represented  by  a  number  in  the  neigh- 
bourhood of  80.  If,  however,  the  ice  is  cooled  down  to  the  tempera- 
ture of  liquid  air,  the  dielectric  constant  of  the  ice  falls  to  a  value 
near  to  2-4. 

In  the  same  manner,  if  the  dielectric  constant  of  alcohol  is 
measured  at  ordinary  temperatures,  the  number  is  found  not  very  far 
from  25,  but  if  the  alcohol  is  frozen  and  cooled  to  the  temperature  of 
liquid  air  we  find  by  the  above-described  methods  a  value  3*12. 

Again,  the  dielectric  constant  of  glycerine  determined  at  ordinary 
temperatures  gives  a  value  56,  but  if  determined  at  the  temperature  of 
liquid  air,  a  value  3*9. 

If  we  gather  into  one  table  (see  Table  II.,  p.  298)  the  results  of 
a  number  of  these  low-temperature  measurements  of  dielectric  con- 
stants taken  at  a  frequency  of  120  per  second,  and  arranged  so  as  to 
show  the  values  of  the  dielectric  constant  at  15°  G.  and  at  —  185°  C. 
(the  temperature  of  liquid  air),  we  see  at  once  the  immense  influence 
which  temperature  has  upon  the  fundamental  qualities  of  a  dielectric. 
For  the  sake  of  comparison,  the  values  of  the  square  of  the  optical 
refractive  index  (i*)  for  very  long  wave  lengths  or  for  certain  wave 
lengths  in  the  visible  spectrum  have  been  placed  in  contiguity. 

The  conclusions  to  which  the  figures  in  Table  II.  lead  us  is  that, 
whereas  at  ordinary  temperatures  there  is  an  enormous  difference 
between  the  dielectric  constants  of  certain  substances  and  the 
square  of  their  optical  refractive  index,  a  continual  lowering  of  the 
temperature  destroys  a  large  part  of  this  disagreement. 

On  the  other  hand,  there  are  some  substances  for  which,  even  at 
ordinary  temperatures,  Maxwell's  law  is  very  approximately  fulfilled, 
as  shown  in  Table  III.  (see  p.  298). 
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TABLE   II. 
DiEiiECTBio  Constants  (K)  at  Different  Tempbratubks. 


HnbBtonoe. 

K  at  is^'  G. 

Water 

80 

Formic  acid   .    . 

62 

Glycerine  .     .     . 

56 

Methyl  alcohol   . 

34 

Mononitrobenzol 

82 

Ethyl  alcohol 

26-8 

Acetone      .     .     . 

21-85 

Ethyl  nitrate .     . 

17-72 

Amyl  alcohol .     . 
AniUne  .... 

16 

7-61 

Castor  oil  .     .     . 

4-78 

Ethylic  fiBther     . 

4-25 

Olive  oil     .     .     . 

816 

Carbon  bisulphide 

2-67 

2-4  to  2-9 
2-41 
8-2 
818 
2-6 
8-11 
2-62 
2-78 
214 
2-92 
214 
2-81 
2-18 
2-24 


Sqiutre  of  refraeUv« 
index  (fS) 


1-779  (for  D  line) 


1-881 


1-961 

2-168 
1-805 
2181 
2-01 


TABLE  m. 


SubiUnce. 


Sulphur  .  . 
Paraffin  .  . 
Petroleum 
Petroleum  oil 
Turpentine  . 
Benzine     .     . 


Dielectric  ooDBtAQt,  K,  at 
18®  C. 


4-78 
2-29 
1-92 
2-07 
2-28 
2-88 


Sqoure  of  opticel  refrac- 
Uve  Index  (t') 


4-89  (for  B  line) 

2-022 

1-922 

2-075 

2-128 
2-26  (for  D  line) 


Exceptions,  however,  are  more  numerous  than  accordances,  and  we 
find  no  apparent  fulfilment  of  the  law  in  the  case  of  the  following 
substances : — 

TABLE  IV. 


Siibntances. 


Glass  (light  flint) 
Glass  (dense) 
Oalcite.  .  .  . 
Fluorspar .  .  . 
Mica  .... 
Quartz  .... 
Tourmaline  .  . 
Bock  salt  .     .     . 


In  the  case  of  gases  there  is  a  very  fair  agreement  between  K 
and  i\ 


6-57 

2-875  (for  B  line) 

101 

2*924 

7-7 

2-734  (for  A  line) 
205 

6-7 

6-64 

2-526 

4-65 

2-41 

G05 

2-68 

6-85 
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Then,  with  respect  to  the  question  of  frequency,  it  has  been  found 
that  the  rate  at  which  the  electromotive  force  is  applied  and  removed, 
or  reversed,  has  a  great  influence  upon  the  dielectric  constant. 
Generally  speaking,  we  may  say  that  the  higher  the  frequency  the 
lower  the  dielectric  constant.  On  the  other  hand,  many  substances 
exhibit,  so  to  speak,  a  great  constancy  under  variation  in  frequency. 

By  the  employment  of  electrical  oscillations,  it  is  possible  to 
determine  the  dielectric  constant  with  very  rapid  alternations  of 
electric  force.  It  appears,  however,  that  whether  we  use  a  continuous 
electric  force  or  an  electric  force  slowly  alternating  or  even  alternating 
30,000  million  times  a  second,  the  dielectric  constant  of  water  is  stiU 
a  nmnber  not  far  from  80.  On  the  other  hand,  in  the  case  of  alcohol 
the  same  variation  in  frequency  reduces  the  dielectric  constant  from 
25  to  about  6*6.  Ice  is  more  sensitive  to  change  in  frequency  than 
water,  and  an  increase  in  the  frequency  which  does  not  affect  the 
dielectric  constant  of  liquid  water  reduces  that  of  ice  to  a  value 
between  2  and  5. 

In  considering  the  causes  of  the  discrepancies,  it  is  obvious  that  if 
light  waves  consist  of  alternations  of  electric  force,  then,  since  the 
visible  spectrum  is  comprised  between  the  limits  of  400  and  800 
billion  vibrations  per  second,  there  is  an  enormous  gap  between  the 
highest  frequencies  it  is  possible  to  command  in  experimentally 
measuring  dielectric  constants  and  the  frequencies  which  give  rise  to 
optical  effects.  The  whole  of  these  effects  give  us  reason  to  consider 
that  the  numerous  discrepancies  and  exceptions  to  Maxwell's  law  are 
really  dependent  upon  temperature  and  frequency. 

It  is  obvious  that  in  making  comparisons  we  can  hardly  expect  to 
find  the  law  fulfilled  unless  the  alternations  of  electric  force,  with 
which  we  determine  the  dielectric  constant,  are  comparable  with  the 
number  of  vibrations  per  second  in  the  ray  by  which  the  refractive 
index  is  measured. 

Of  late  years  it  has  been  possible  to  test  the  matter  in  another 
way.  We  are  now  able,  as  will  be  explained  below,  to  produce 
electric  waves  which  are  known  to  have  all  the  properties  of  light, 
except  visibility.  Many  recent  investigations  have  had  for  their 
object  the  determination  of  the  refractive  index  of  water,  alcohol, 
and  other  bodies  for  electric  waves  of  great  length  lying  far  beyond 
the  region  of  the  ultra-red  spectrum.  For  water  the  refractive  index 
foimd  for  these  electric  rays  is  a  number  in  the  neighbourhood  of 
8*9.*  The  square  of  this  number  8*9  is  very  nearly  80,  and  hence 
is  in  very  good  agreement  with  the  value  of  the  dielectric  con- 
stant of  water  determined  by  purely  static  electrical  methods,  and 
either  with  continuous  electric  force  or  electric  forces  very  slowly 
alternating. 

It  is  impossible  to  dismiss  this  part  of  the  subject  without  raising 
one  question.  Why  is  it  that  certain  kinds  of  matter  have  such 
exceptionally  large  dielectric  constants,  which  at  ordinary  tempei-a- 
tures  are  so  different  in  value  from  the  square  of  the  optical  index  of 
refraction?  The  answer  to  this  is,  that  electric  force  produces  two 
effects  when  acting  on  any  space  occupied  by  dielectric  matter.     In 

»  See  Fleming  and  Dewar,  Proc.  Boy,  Soc.  Lond.,  1897,  vol.  61,  p.  2,  "  On  the 
Dielectric  Constants  of  Ice  and  Alcohol  at  very  Low  Temperatures." 
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the  firet  place,  it  creates  an  electric  strain  in  the  sether,  or  true  electro- 
magnetic mediuiii,  which  strain  is  immediately  responsive  to  the 
stress. 

In  the  next  place,  it  operates  on  the  molecules  of  the  matter, 
producing  an  additional  strain  or  displacement ;  and  it  is  not  a  little 
remarkable  that  those  substances  which  have  high  dielectric  values 
are  those  which  easily  suffer  chemical  decomposition  by  displacement 
or  removal  of  some  radicle. 

Some  interesting  facts  connected  with  dielectric  constants  of 
soUds  and  liquids  have  been  noted  by  C.  B.  Thwing."  He  has 
pointed  out  that,  for  a  large  number  of  substances,  the  dielectric 
constant  is  2*6  times  the  density,  and  that  the  dielectric  constant  can 
be  predetermined  for  many  substances  by  calculation. 

The  dielectric  constant  of  a  body  can  be  calculated  by  an  addition 
law,  in  accordance  with  the  following  rule : — 

The  product  of  the  molecular  weight  of  the  substance  and  its 
dielectric  constant  divided  by  its  density  is  equal  to  a  sum  formed 
by  multiplying  2-6  times  the  number  of  atoms  of  each  kind  by  their 
atomic  weight ;  except  in  the  case  when  the  molecule  contains  certain 
radicles,  when  each  radicle  has  in  addition  a  multiplying  constant 
differing  from  26. 

Hence  if  K  =  dielectric  constant 
M  =  molecular  weight 
D  =  density 
ai,  tta,  etc.  =  atomic  weights  or  elements  of  radicles 
n,,  n.^,  etc.  =  number  of  atoms  or  radicles 

we  have — 

K  =  -p,  (2-6  dith  +  2-6  a^Jii  +  etc.  +  AogW,  +  etc.) 

The  factor  2-6  is  employed  if  the  element  is  an  atom  of  hydrogen, 
oxygen,  carbon,  etc.,  and  the  factor  k  if  it  is  a  chemical  radicle  OH, 
CO,  COH,  NO2,  CH.„  CH3,  or  S,  having  values  as  follows  :— 


lUdiclc. 


MolecnUr  weight. 

Value  of  ik. 

17 

80-6 

28 

62 

29 

33-8 

46 

67-6 

14 

2-86 

15 

812 

32 

0016 

OH  . 
CO  . 
COH 
NO,. 
CH,  . 
CH, . 
S.    . 


Thus  the  dielectric  constant  of  water  (H^O),  which  is  a  hydride  of 
hydroxyl,  having  molecular  weight  =  18  and  density  =  1,  is  given  by 
the  formula  — 

•  Sco  C.  B.  Thwing,  Zeitschrift  Phys,  Chcm.y  1894,  vol.  xiv.  pp.  286-800. 
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K  =  ^(2-6  X  1  +  80-6  X  17)  =  75-4 
and  that  of  ethylic  alcohol  (CH„  CHj,  HO)  by  the  formula — 
K  =  -4^^312  X  15  +  2-86  x  14  +  806  x  17)  =  256 

These  values  agree  with  the  results  of  experiments.  This  re- 
markable rule  supplies  us  with  a  clue  to  the  meaning  of  these  large 
dielectric  constants.  We  see  that  the  presence  in  a  molecule  of  a 
chemical  radicle,  or  portion  more  easily  detached  than  other  atoms, 
seems  to  indicate  a  Ime  of  easy  cleavage  in  the  molecule  of  which  the 
electric  force  takes  advantage.  It  appears,  therefore,  that  the  simple 
properties  of  the  electromagnetic  medium  filling  space  are  profoundly 
modified  by  the  presence  of  ordinary  matter  in  the  same  place.^*^ 

Briefly,  then,  it  may  be  stated  that  Maxwell's  theory  consists  in 
the  assumption  that  the  effects  we  call  electric  displacement,  or 
otherwise  electric  charge,  and  that  which  we  call  magnetic  flux  or 
magnetic  induction,  when  they  exist  in  a  space  free  from  ordinary 
gravitative  matter,  are  affections  of  a  medium  capable  of  storing  up 
energy  in  two  different  forms.  The  dielectric  constant  of  the  medium 
or  the  displacement  per  unit  of  electric  force,  and  the  magnetic  per- 
meability of  the  medium,  or  the  magnetic  flux  per  unit  of  magnetic 
force,  are  both  altered  by  the  presence  of  matter.  The  first  quality 
is  always  increased,  the  second  may  be  increased  or  diminished,  and 
is  enormously  increased  by  the  ferromagnetic  substances. 

These  two  qualities  determine  the  speed  of  transmission  of  a 
disturbance  or  an  electric  wave  through  the  medium,  and  an  electric 
wave  is  created  whenever  a  very  sudden  electric  displacement  is  made 
or  released.  The  moment,  however,  that  we  attempt  to  resolve  the 
processes  into  mechanics,  or  the  simple  movement  of  matter  possessed 
of  inertia,  and  resisting  some  kind  of  change  of  configuration,  we  are 
met  with  many  difl&culties.  The  first  question  that  presents  itself  is 
as  to  the  nature  of  the  elastic  reaction  of  this  medium  against  stress. 
What  is  the  kind  of  deformation  the  medium  resists  ?  It  cannot  be 
a  simple  compressional  elasticity  or  resistance  to  change  of  volume, 
as  in  the  case  of  air.  That  would  imply  that  the  ray  could  not  be 
polarized,  whereas  both  in  the  case  of  light  and  electric  rays  they  can 
be  or  are  polarized,  or  made  non -symmetrical  with  respect  to  the  direc- 
tion of  propagation.  Can  the  elasticity,  then,  be  a  simple  resistance 
to  shearing  or  change  of  form  ?  This  elastic  solid  or  jelly  theory  of 
the  sether  fails  to  meet  requirements  in  many  points. 

Then  a  third  hypothesis  is  that  the  elementary  portions  of  this 
medium  do  not  resist  either  compression  or  shearing,  but  resist 
absolute  rotation  round  any  axis.  This  rotational  theory  of  the 
ffither,  due  originally  to  MacCullagh  and  Kelvin,  has  been  developed 
of  late  years  in  great  detail  by  Dr.  J.  Larmor,  who  has  shown  that  it 

"  The  reader  may  be  referred  to  an  article  by  Prof.  J.  J.  Thomson,  on 
'*  Electromagnetic  Waves,"  in  the  Supplement  to  the  10th  edition  of  the  E'ncyclo- 
pcedia  Britannica,  for  a  mathematical  discussion  of  the  cause  of  these  large 
dieleotric  constants,  and  an  explanation  of  the  abnormality  as  due  to  the  presence 
of  free  ions  or  electrons  in  the  mass  of  the  dielectric. 
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meets  in  many  remarkable  ways  the  demands  of  physical  theory.*^ 
The  temptation  to  try  and  construct  a  purely  mechanical  theory  of 
the  SBther,  in  which  displacements  and  fluxes  are  visualized  as  changes 
of  configuration  or  motions,  is  very  great. 

We  are  unable  to  make  for  ourselves  a  mental  picture  of  any 
physical  processes  which  we  cannot  in  the  ultimate  issue  resolve  into 
motion,  either  past  or  present.  If  we  could  resolve  all  the  operations 
in  the  electromagnetic  medium  into  mere  motions  of  a  substance 
possessing  the  single  attribute  of  inertia,  it  would  in  one  sense  satisfy 
our  minds. 

But  the  sether,  if  it  exists  at  all,  must  have  many  more  functions 
(some,  perhaps,  yet  unsuspected  by  us)  than  those  of  merely  conveying 
vibrations.  If  that  is  the  case,  we  may  do  well  to  refrain  from  attempt- 
ing too  much  mechanical  interpretation,  and,  whilst  resting  on  the 
fact  that  the  definite  changes  we  caU  electric  displacement  and  magnetic 
flux  are  directed,  or  vector  changes  in  a  universal  medium,  admit  that 
the  ultimate  analysis  of  the  nature  and  structure  of  aether,  energy,  and 
matter,  will  carry  us  far  beyond  the  region  of  the  ideas  of  motion, 
inertia,  or  force. 

It  may,  however,  be  asked,  How  do  the  above  statements  afford 
proof  that  the  optical  aether  is  identical  with  the  electromagnetic 
medium  ?  So  far  all  that  we  have  passed  under  review  has  been 
proof  that  if  electromagnetic  effects  are  propagated  from  place  to 
place  with  finite  velocity,  that  velocity  will  be  measured  by  the 
reciprocal  of  the  quantity  V^fiK,  and  it  has  been  shown  that  this 
electromagnetic  velocity  in  vacuum,  air,  other  gases,  also  in  certain 
liquids  and  solids,  is  equal  to  the  measured  velocity  of  light  rays 
through  that  material. 

Our  conviction  that  the  propagation  of  light  through  transparent 
matter  is  not  an  effect  wholly  or  entirely  due  to  matter  alone,  is 
based  for  one  thing  on  the  fact  that  the  mean  velocity  of  light  coming 
to  us  from  Jupiter's  sateUites  is  the  same  as  the  actually  measured 
velocity  of  light  in  air  at  the  earth's  surface. 

In  like  manner,  the  dielectric  constant  and  magnetic  permeability 
of  the  very  best  vacuum  we  can  produce  differ  so  exceedingly  little 
from  the  same  qualities  of  an  air-filled  space  at  ordinary  pressure  and 
temperature,  that  we  cannot  well  beUeve  these  properties  of  the  space 
are  wholly  due  to  the  matter,  if  taking  out  all  but  one-millionth  of  the 
gravitative  matter  makes  so  little  difference. 

The  demonstration  that  light  has  an  undulating  nature  rests  upon 
all  the  well-known  facts  of  interference.  The  creation  and  similar 
properties  of  undulations  having  an  electrical  origin  travelling  through 
space  with  equal  velocity,  and  exhibiting  all  the  properties  of  visible 
hght,  has  afforded  more  than  ground  for  a  suspicion  ;  it  has  given  an 
almost  perfect  proof  that  the  basis,  the  undulating  material,  and  the 
natmre  of  that  undulation  must  be  similar  in  the  two  classes  of 
phenomena. 

4.  Eleotromagnetio  Waves. — We  must  next  turn  attention  to 
the  production  of  electromagnetic  waves,  or,  as  they  are  shortly  called, 
electric  waves,  in  dielectrics  by  means  of  electric  oscillations. 

^^  For  an  ezpoBition  of  Dr.  Larmor's  yiews,  we  must  refer  the  reader  to  his 
book,  '*  iEther  and  Matter,"  University  Press,  Cambridge,  1900. 
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There  are  one  or  two  questions  connected  with  wave  production 
in  general  concerning  which  a  Uttle  prehminary  discussion  may  be 
useful.  One  physical  characteristic  of  wave  motion  is  that  by  it 
energy  is  conveyed  entirely  away  from  the  wave-creating  body  and 
exists  for  a  time  stored  up  in  a  surrounding  medium.  Consider,  for 
instance,  the  production  of  a  compressional  wave  in  air.  If  the  hand 
or  a  fan  is  moved  to  and  fro  in  the  air,  the  mere  production  of  this 
motion  or  change  of  motion  in  the  material  body  absorbs  energy. 
When  it  is  so  moved  in  a  fluid  such  as  air,  the  moving  sohd  sets  up 
vortex  or  rotational  motions  in  the  surroimding  air,  similar  to  those 
whirls  which  are  seen  on  moving  an  oar  or  the  hand  through  water, 
and  these  fluid  motions  also  take  up  energy  to  produce  them.  If  a 
fan  is  moved  slowly  through  the  ah:,  all  that  happens  is  that  the  air 
in  front  passes  round  behind  it,  and  in  so  doing  air  vortices  are 
created.  Energy  is  therefore  absorbed  not  only  in  making  changes 
in  motion  of  the  solid,  but  also  is  taken  up  in  the  surrounding  medium 
in  creating  this  vortex  motion  or  movements  in  the  air  which  cUng  to 
and  surround  the  moving  body. 

A  large  part  of  the  resistance  of  motion  which  a  solid  body 
experiences  in  passing  through  a  fluid  is  due  to  this  form  of  energy 
absorption  by  the  fluid.  A  perfect  fluid,  or  one  without  any  quality 
of  viscosity,  could  not  have  these  vortex  motions  so  set  up  in  it  by  a 
body  entirely  submerged  and  moving  steadily  so  as  to  create  no  waves. 
Hence,  a  perfect  fluid  offers  no  resistance  to  the  motion  through  it  of 
a  solid. 

If  the  sohd  oscillates  or  moves  slowly  through  a  fluid,  the  energy 
never  dissociates  itself  entirely  from  the  moving  sohd  or  the  fluid  in 
its  neighbourhood.  The  energy,  so  to  speak,  travels  with  the  vibrat- 
ing body  and  exists  where  it  is,  or  in  proximity  to  it,  and  when  its 
motion  ceases  the  energy  of  motion  of  the  fluid  is  frittered  away 
into  heat. 

It  is  quite  different,  however,  if  a  body  is  moved  or  vibrated  very 
rapidly,  so  as  to  bring  into  play  the  inertia  quahty  of  the  fluid.  If, 
for  instance,  instead  of  moving  somewhat  slowly  through  the  air,  the 
fan  or  other  body,  such  as  a  tuning-fork,  is  made  to  vibrate  with 
considerable  speed,  and  inertia  and  compressibiUty  of  the  air  come 
into  play,  with  the  result  that  we  have  a  true  wave  produced,  the 
air  has  not  time  to  get  out  of  the  way  of  the  moving  solid,  and  thus, 
instead  of  moving  round  to  the  back  of  the  vibrating  body,  it  is 
suddenly  compressed,  and  subsequently  rarified  and  started  into 
oscillations.  Each  portion  of  the  fluid  takes  up  successively  the 
osciUatory  motion  or  changes  of  pressure,  and  energy  is  conveyed 
entirely  away  from  the  moving  body  and  its  neighbourhood,  and 
continues  to  exist  in  the  medium  as  a  wave  long  after  the  vibrating 
body  which  started  it  has  come  to  rest. 

Some  at  least  of  the  energy  imparted  to  the  sohd  to  set  it  in 
vibration  is  taken  from  it  and  handed  on  from  point  to  point  through 
the  air. 

The  characteristic  of  a  true  wave  is  that  in  each  portion  of  the 
medium  the  energy  so  being  conveyed  exists  alternately  as  energy  of 
strain  or  configuration  and  energy  of  motion,  or  in  some  form  equivalent 
to  these  types  of  energy.     Moreover,  at  a  distance  called  a  ivai^  length 
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similar  energy  changes  are  taking  place  at  the  same  time.  The 
mathematical  expression  for  a  wave  is  merely  a  symbolical  statement 
of  this  fact.     Thus  the  expression — 


iy  =  Ycos27r(^^-^j 


is  the  algebraical  method  of  denoting  a  wave  of  wave  length  X  and 
periodic  time  T,  and  it  tells  us  that  a  periodic  disturbance  or  oscilla- 
tion travels  forward  with  a  velocity  >»,  since  the  value  of  y  remains  the 
same  if  for  j,  we  substitute  {x  +  £)  and  for  /,  (/  +  f),  provided  that 

t"  r 

Accordingly,  at  two  places  separated  by  a  distance  /,  the  same 
motion  will  take  place  after  a  time  f. 
This  is  easily  seen  if  we  note  that  — 

x  +  x'  _t  +  f^x_t 

\  TXT 

xf      X 
provided  that    .-  ni- 

z        J. 

The  total  energy  of  a  wave  can  be  shown  to  be  at  any  moment 
half  potential  or  configurational  and  half  kinetic  or  motional  At 
each  point  in  the  medium  cyclical  changes  of  energy  take  place,  and 
the  disposition  of  either  kind  i&  periodic  in  space  and  time. 

The  term  wave  motion,  therefore,  has  reference  to  this  pecuUar  mode 
of  transferring  energ}^  from  place  to  place,  and,  as  we  have  already 
seen,  waves  can  exist  in  any  medium  which  possesses  two  essential 
qualities.  The  first  of  these  qualities  is  that  some  kind  of  vector  or 
directed  change  made  in  it  must  tend  to  disappear  if  left  to  itself,  and 
not  only  so,  but  in  being  created  must  call  forth  an  opposition  or 
resistance  to  its  creation.  In  the  second  place,  in  disappearing,  the 
change,  whatever  its  nature,  must  tend  to  overshoot  the  mark  and  be 
reproduced  in  the  opposite  direction  ;  in  other  words,  there  must  be  a 
persistence  or  inertia-like  quality  in  connection  with  the  change  of 
deformation. 

There  may,  therefore,  be  as  many  different  kinds  of  waves  as  there 
are  possible  modes  of  deformation  in  extended  media. 

Take,  for  instance,  the  case  of  water.  If  the  water  has  a  free 
surface,  this  is  a  level  surface,  and  tends  to  remain  level.  If  the 
water  is  heaped  up  in  one  place  and  left  to  itself,  it  begins  to  regain 
its  level ;  but  it  possesses  inertia,  and  in  so  doing  it  overshoots  the 
mark  and  creates  a  depression  in  the  surface. 

From  this  point,  therefore,  surface  waves  spread  out  which  are 
changes  in  level,  periodic  in  time  and  space.  Again,  a  free  water 
surface  possesses  what  is  called  surface,  tension.  The  surface  of  any 
liquid  offers  a  resistance  to  stretching  like  a  sheet  of  indiarubber.  If, 
therefore,  a  surface  of  water  is  slightly  heaped  up,  the  surface  is 
stretched,  and  tends  again  to  become  level  in  virtue  of  this  surface 
tension.  Hence  we  can  have,  not  only  what  are  called  grantational 
uxtres  on  the  free  surface  of  water,  but  ripples  or  surface  temion  waves. 
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These  latter  may  be  seen  to  be  formed  when  a  fishing-line  or  thin 
rod  is  moved  through  water  perpendicularly  to  the  surface.  Further- 
more, water  resists  compression,  and  hence  we  can  have  produced  in 
it  rompressional  wave^y  not  on  the  surface,  but  in  the  mass.  Such  waves 
are  produced  in  water  by  an  explosion  taking  place  beneath  the 
surface. 

In  every  case,  however,  the  velocity  6i  propagation  of  the  wave  is 
measured  by  the  square  root  of  the  ratio  of  two  quantities,  one  being 
of  the  nature  of  an  elasticity,  and  the  other  the  density  or  mass  per 
unit  of  volume.  Moreover,  in  all  wave  motion  the  velocity  of  the 
wave  is  measured  by  the  product  of  the  wave  length  and  the  number 
of  complete  oscillations  per  second  executed  by  any  part  of  the 
medium  through  which  the  wave  motion  is  travelling. 

If  V  represents  the  wave  velocity,  n  the  frequency,  and  X  the  wave 
length,  then  we  have  the  relation  V  =  nX  as  a  fundamental  equation 
connecting  wav^lngth  and  frequency. 

In  the  caMjTO  solid  bodies  we  can  have  another  kind  of  wave  not 
capable  of  b^g  produced  in  liquids,  namely,  a  distorsioruU  ivave.  The 
special  characteristic  of  a  solid  substance  is  that  it  resists  shearing  or 
being  changed  in  shape.  If,  for  instance,  we  give  a  twist  to  a  rod  of 
steel,  it  resists  this  kind  of  torsional  deformation,  but  we  cannot  put  a 
twist  of  the  same  kind  upon  a  thread  of  honey  or  column  of  water. 

Accordingly,  we  can  have  a  great  variety  of  waves  in  material 
media  depending  upon  the  fact  that  tlieir  parts  possess  inertia,  and 
that  they  resist  some  kind  of  relative  displacement.  Thus,  for  example, 
we  may  have   - 

Gravitational  or  surface  waves  in  liquids  -due  to  the  resistance  of 
the  surface  to  being  made  unlevel. 

Capillary  waves  or  ripples  on  the  free  surface  of  liquids— due  to 
the  resistance  of  the  surface  of  the  free  liquid  to  stretching. 

Compressional  waves  in  the  mass  of  a  gas,  liquid,  or  solid — due  to 
the  resistance  to  change  of  bulk  or  volume  elasticity. 

Distortional  waves  in  solid  bodies — due  to  the  resistance  to  shearing, 
twisting,  or  other  changes  of  a  form  of  any  element ;  in  other  words,  to 
shape  elasticity. 

These  preliminary  remarks  will  pave  the  way  for  a  consideration 
of  the  nature  of  AertroniiKjnHir  imr/'n,  or,  as  they  are  generally  called, 
eleririr  waves. 

Every  dielectric  possesses,  as  we  have  seen,  two  properties.  It 
can  have  a  physical  state  produced  in  it  at  any  point  called  the 
electric  displacement,  and  this  corresponds  to  the  production  of  a 
deformation  or  strain  in  an  elastic  soUd.  The  medium  resists  by  an 
elastic  reaction  the  creation  of  this  displacement,  and  when  the  electric 
force  creating  it  is  withdrawn,  the  displacement  disappears  ;  but  as  a 
displacement  requires  an  energy  expenditure  to  produce  it,  the  law  of 
conservation  of  energy  necessitates  that  the  displacement  in  disappear- 
ing shall  give  rise  to  energy  in  some  other  form.  This  it  does  by  the 
creation  of  magnetic  flux  in  a  direction  at  right  angles  to  itself,  and 
the  flux  in  turn  in  disappearing  gives  rise  again  to  a  displacement 
at  neighbouring  points  in  the  same  direction  as  that  displacement, 
the  vanisliing  of  which  gave  rise  to  the  flux.  Hence  we  detect  in 
this  operation  an  analogy  with  the  case  of  a  vibrating  solid  where 

X 


306  ELECTROMAGNETIC   WAVES 

mechanical  stress  gives  rise  to  elastic  strain,  and  strain  in  disappear- 
ing creates  velocity  or  sets  matter  in  motion,  and  hence  reproduces 
the  strain  energy  in  a  kinetic  form.  This,  again,  in  virtue  of  inertia, 
recreates  a  new  strain  in  an  opposite  direction. 

The  process  of  alternating  electric  displacement  and  resulting 
magnetic  flux  repeated  cyclically  in  space  and  time  from  point  to 
point  through  the  dielectric  constitutes  an  electric  wave,  and  the 

velocity  of  this  wave  is  measured  by  the  value  of  -^        for  that 

dielectric.  By  the  velocity  of  the  wave  is  meant  the  quotient  of  wave 
length  by  the  periodic  time. 

In  considering  these  matters,  the  question  necessarily  arises :  What 
is  it  that  constitutes  an  electric  displacement  in  a  dielectric  ?  Maxwell 
never  committed  himself  to  any  opinion  as  to  the  exact  nature  of  the 
physical  change  which  he  called  the  electric  displacement.  Mr.  Ohver 
Heaviside  remarks  paradoxically  that  the  more  general  or  more  vague 
a  physical  theory,  in  one  sense  the  more  likely  it  is  to  be  true,  or 
perhaps  we  should  say  the  less  likely  it  is  to  be  untrue.  This  vague- 
ness, however,  is  felt  by  some  students  to  be  unsatisfactory;  they 
want  to  know  whether  an  electric  displacement  is  to  be  considered  as 
an  actual  motion,  or  a  stretch,  squeeze,  or  rotation  of  an  sethereal 
medium  or  of  the  material  dielectric.  If  told  that  not  only  do  we  not 
know,  but  that  all  theories  on  this  matter  are  most  probably  wide  of 
the  mark,  tliey  are  apt  to  feel  a  degree  of  disappointment.  We  are 
on  safer  ground  when  we  are  content  not  to  demand  too  much  detail 
at  present,  provided  that  our  hypothesis  is  sufficiently  definite  to  enable 
it  to  become  the  foundation  of  a  mathematical  analysis  of  the 
phenomena. 

Mechanical  analogies  are  helpful  as  a  guide,  but  we  may  easily 
become  slaves  to  an  analogy  or  a  catch  phrase. 

In  order  that  we  may  create  an  electric  wave,  we  have,  however, 
to  create  a  state,  called,  for  the  sake  of  definiteness,  electric  displace- 
ment in  a  dielectric,  and  to  release  that  constraint  very  suddenly,  just 
as  to  produce  a  compressional  w^ave  in  air  we  have  to  produce  or 
release  ver}^  rapidly  an  air  compression. 

8.  Hertz's  Researohes. — These  ideas  had  been  grasped  with 
some  degree  of  clearness  prior  to  the  publication  of  the  celebrated 
memoirs  in  Wiedemann's  AnnaJen  der  Physik,  in  which  Hertz 
announced  his  discoveries  to  the  world.*'^  It  is  to  him  we  are  indebted 
for  a  new  departure  on  the  subject  which  brought  it  at  one  stroke 
within  the  region  of  experiment.  Hertz  equipped  the  secondary 
terminals  of  an  induction  coil  with  a  species  of  Leyden  jar  or 
condenser  which  is  now  known  as  a  Hertz  radiator.  This  consists 
of  a  pair  of  metallic  plates,  or  sometimes  balls,  having  attached  to  them 
short  rods  ending  in  knobs  placed  a  fraction  of  a  centimetre  apart 

"  Heinrich  Rudolf  Hertz  was  bom  at  Hamburg,  February  22, 1867,  and  died 
at  Bonn  on  January  1,  1894.  He  graduated  at  the  University  of  Berlin,  and  was 
a  favourite  pupil  of  Von  Helmholtz.  In  1885  he  become  professor  at  the  Technical 
College  of  Karlsruhe,  and  it  was  there  that  his  epoch-making  investigations  were 
begun.  In  1889  he  received  a  call  to  succeed  Clausius  at  Bonn.  In  July,  1888, 
his  most  important  memoir  on  electro-magnetic  waves  in  air  was  published,  and 
at  once  attracted  general  attention  to  his  work. 
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(see  Mg.  2).  These  knobs  are  connected  to  the  secondary  circuit  of 
the  coil.  Hence,  as  the  secondary  electromotive  force  accumulates, 
the  plates  are  brought  to  a  difference  of  potential,  and  lines  of  electro- 
static displacement  stretch  out  from  one  part  of  the  oscillator,  which 
we  will  call  the  positive  side,  to  corresponding  points  on  the  negative 
side.  We  have  thus  a  strong  electric  displacement  created  along 
certain  lines  of  electric  force. 

Corresponding  to  a  critical  value  of  the  potential  difference,  the 
air  insulation  between  the  balls  breaks  down,  and  it  becomes  highly 
conductive.  Then  the  whole  radiator  becomes  one  conductor  for  the 
moment,  and  the  potential  difference  begins  to  equalize  itself,  that  is 


oo 


Fig.  2. — Hertz  Radiator  or  Oscillator. 

to  say,  a  current  flows  from  one  side  to  the  other,  creating  in  the 
space  around  a  magnetic  flux,  the  direction  of  which  is  everywhere 
normal  to  the  direction  of  the  electric  displacement.  The  electrostatic 
energy  is  thus  transformed  into  electrokinetic  energy.  The  flux  then 
persists,  and  recreates  in  an  opposite  direction  electric  displacement. 
We  may  consider  an  illustration  of  the  process  as  follows : — 

Let  a  flat  stretched  steel  spring  represent  the  oscillator,  and  on  it 
let  a  heavy  disc  be  keyed  like  a  wheel.  Let  the  ends  of  the  spring  be 
fixed  and  the  disc  turned  round,  the  spring  thus  being  twisted.  If 
then  the  wheel  is  released,  it  begins  to  move  under  the  action  of  the 
torsional  force.  It  acquires  kinetic  energy,  and  when  the  twist  of  the 
spring  has  disappeared,  the  wheel  is  possessed  of  all  the  energy  as 
rotational  energy.  This  then  ex- 
pends itself  in  reproducing  the  twist 
of  the  spring  in  the  opposite  direc- 
tion. 

If  the  electric  oscillation  in  the 
oscillator  is  started  sufficiently  sud- 
denly, some  of  the  energy  is  thrown 
off  in  the  form  of  a  displacement 
wave,  and  as  a  consequence  the  oscil- 
lations of  the  radiator,  as  Bjerknes 
has  shown,  are  quickly  damped  out. 
Accordingly,  when  the  induction  coil 
is  kept  going  we  have  groups  of  in- 
termittent oscillations,  and  therefore 
trains  of  electric  waves  thrown  off 
which  travel  off  or  spread  out 
through  the  dielectric. 

Hertz  furthermore  devised  a  form 
of  resonator  for  detecting  these  electric 
waves  at  any  point  in  space.     In  its  simplest   form  this  consists 


Fig.  3a. — Hertz  Resonator  or 
Receiver. 
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merely  of  a  nearly  closed  ring  of  wire,  the  ends  being  provided 
with  metallic  balls  placed  very  close  together  (see  Fig.  3rt).  The 
ring  may  be  a  rectangle,  and  it  may  have  a  condenser  inserted  in 
its  circuit,  as  in  the  arrangement  due  to  Blondlot  (see  Fig.  Sb).  In 
order  that  we  may  secure  the  sharpness  of  breakdown  in  the  air 
insulation  which  is  necessary  to  obtain  the  oscillations,  three  things 
seem  necessary. 

First,  the  spark-ball  surfaces  must  be  bright  and  clean ;  secondly, 
no  ultra-violet  light  rays  must  fall  on  the  balls,  especially  on  the 
negative  terminal ;  and,  thirdly,  the  balls  must  be  at  a  certain  distance 
apart,  best  determined  by  experience. 

In  describing  experiments  with  the  Hertz  oscillator,  we  shall  call 
the  aAii  of  tJie  radiator  the  direction  of  the  line  joining  the  centres  of 
the  spark  balls,  and  the  line  through  the  spark,  perpendicular  to  this 
axis,  will  be  called  the  base  line.  Also  the  line  joining  the  spark 
balls  of  the  resonator,  will  be  called  the  sjHirk  axis  of  the  resanatoi\ 
If  the  resonator  is  set  in  front  of  the  oscillator  with  its  centre  on  the 
base  line,  then  there  are  three  principal  positions  which  the  resonator 
may  occupy.     First,  its  plane  may  be  paraUel  to   the   axis  of   the 


\ 


Fig.  86.— Blondlot  Resonator. 

radiator  and  perpendicular  to  the  base  line:  we  shall  call  this  the 
first  position  (see  Fig.  4a).  Secondly,  the  resonator  may  have  its  plane 
in  the  plane  containing  the  radiator  axis  and  the  base  line :  we  shall 
call  this  the  second  position  (Fig.  4//).  Thirdly,  the  resonator  may- 
have  its  centre  on  the  base  line  and  its  plane  perpendicular  to  the 
plane  containing  the  radiator  axis  and  the  base  line,  and  placed  so 
that  its  plane  passes  through  the  spark  gap :  this  w^ill  be  called  the 
third  position  (Fig.  4r). 

Hertz  found  that  when  the  resonator  is  placed  in  each  of  these 
three  positions  respectively,  but  not  too  close  to  the  radiator,  and  if 
at  the  same  time  the  resonator  is  turned  round  in  its  own  plane  so  as 
to  bring  the  spark  axis  of  the  resonator  into  various  positions,  dififerent 
phenomena  present  themselves. 

In  the  first  place,  if  the  resonator  is  placed  in  the  first  position, 
and  with  the  spark  axis  of  the  resonator  parallel  to  that  of  the  radiator, 
then  when  the  radiator  is  sparking,  small  sparks  also  occur  between 
the  spark  balls  of  the  resonator ;  i)ut  if  the  resonator  is  turned  round 
in  its  own  plane,  so  that  the  spark  axis  of  the  resonator  is  perpendicular 
to  that  of  the  radiator,  then  no  sparks  occur  at  the  resonator. 

In  the  next  place,  if  the  resonator  is  placed  in  the  third  position, 


ELECTROMAGNETIC  WAVES 


309 


Fio.  4c. — Hertz  Radiator 
and  Receiver  in  Third 
Position. 
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with  its  plane  perpendicular  to  the  axis  of  the  oscillator,  then  no 
sparks  are  seen,  whatever  the  position  of  the  air  gap  of  the  resonator. 
When  the  resonator  is  placed  in  the  second  position,  with  its  plane 
parallel  to  and  passing  through  the  axis  of  the  radiator,  then  sparks 
are  seen  in  the  resonator  air  gap  when  that  gap  is  turned  towards  the 
oscillator,  but  they  become  less  and  less  bright  as  the  resonator  is 
turned  round  in  its  own  plane  until  when  the  air  gap  is  turned  away 
as  far  as  possible  from  the  oscillator  they  cease  altogether. 

In  order  to  explain  this  spark  production  in  the  resonator,  it  is 
necessary  to  make  reference  to  a  fact  early  discovered  by  Hertz. 

If  the  resonator  is  attached  by  a  wire  to  one  terminal  of  the 
induction  coil,  then  when  the  coil  is  in  action,  vigorous  sparking  is 
seen  at  the  spark  balls  of  the  resonator,  unless  the  connecting  wire  is 
attached  to  the  resonator  at  a  point  symmetrical  vnth  respect  to  the 

spark  balls.  This  is  due  to 
the  inductance  of  the  reso- 
nator circuit  (see  Fig.  6). 

If  the  lengths  of  path  mea- 
sured along  the  resonator  from 
the  point  of  attachment  of  the 
wire  to  the  spark  gap  are  un- 
equal, then,  owing  to  their 
unequal  inductance,  the  rise 
or  fall  of  potential  produced 
by  the  coil  terminal  takes 
eifect  first  at  the  spark  ball 
attached  to  the  branch  of 
smaller  inductance. 

One  might  at  first  be  in- 
clined to  suppose  that  no  dif- 
ference of  potential  could  be 
created  between  two  balls  con- 
nected by  a  short  loop  of  wire, 
but  although  this  is  the  case 
when  low  frequency  oscilla- 
tions are  used,  it  is  not  so 
when  the  frequency  is  very 
high. 

The  same  thing  holds  good  when  the  resonator  is  not  connected 
with  the  induction  coil  by  a  wire,  but  placed  at  a  distance  from  the 
oscillator.  In  this  case  electric  displacement  produced  by  the  radiator 
travels  to  the  resonator  through  the  dielectric.  If  the  spark  gap  of 
the  resonator  is  held  parallel  to  the  spark  gap  of  the  radiator,  then 
the  displacement  or  electric  force  arriving  at  the  resonator  fills  the 
spark  gap  of  the  resonator  and  creates  there  an  alternating  displace- 
ment and  an  alternating  potential  difference  between  the  balls.  When 
this  reaches  a  certain  amplitude  the  air  insulation  breaks  down,  and  a 
small  spark  is  produced  between  the  ball  terminals  of  the  resonator. 
Even  although  the  resonator  and  the  spark  balls  are  connected  by  the 
resonator  wire,  this  does  not  hinder  the  creation  of  the  spark,  as  the 
inductance  of  that  wire  makes  it  a  practically  perfect  insulator  to  very 
suddenly  applied  potential  differences. 


c 
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Fig.  5. — Hertz  Besonator  attached  to  One 
Terminal  of  the  Secondary  Circuit  of  an 
Induction  Coil. 
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If,  however,  the  resonator  is  held  in  a  position,  so  that  the  hne 
joining  the  spark  balls  is  in  a  direction  at  right  angles  to  the  spark 
axis  of  the  oscillator,  then  no  spark  will  occur  in  the  resonator, 
because  the  electric  force  arriving  there  is  not  in  a  direction  to  create 
potential  difference  between  the  balls.  If,  however,  the  plane  of  the 
resonator  is  in  the  plane  containing  the  base  line  and  the  spark  axis 
of  the  radiator,  and  if  th&  spark  gap  of  the  resonator  is  so  placed  that 
its  direction  is  perpendicular  to  the  axis  of  the  vibrator,  then  feeble 
sparking  is  seen  in  the  resonator.  This,  however,  is  because  the 
electric  force  distribution  is  disturbed  by  the  metallic  circuit  of  the 
resonator. 

The  direction  of  the  electric  force,  and  therefore  the  displacement 
travelling  through  space,  in  the  neighbourhood  of  the  spark  balls  of 
the  resonator  is  then  no  longer  parallel  to  the  spark  axis  of  the 
radiator,  but  is  slewed  round  so  as  to  be  inclined  in  a  direction  to  the 
spark  axis  of  the  resonator.  Hence  the  effect  is  to  cause  a  displace- 
ment across  the  air  gap  of  the  resonator,  and  therefore  to  create  a 
spark. 

We  may  ask,  then,  what  are  the  functions  of  the  wire  of  the 
resonator  if  the  spark  formation  is  due  to  the  action  of  electric  force 
propagated  from  the  oscillator  ?  To  answer  this,  we  must  analyze  a 
Uttle  more  closely  what  takes  place  in  the  resonator  when  the  spark 


The  resonator  is  a  circuit  possessing  capacity  and  inductance,  the 
spark  balls  forming,  so  to  speak,  the  condenser  portion  of  the  circuit ; 
hence  it  has  a  natural  free  period  of  electrical  vibration.  If  in  the 
space  between  the  balls  alternating  electric  displacement  is  produced, 
being  propagated  to  that  point  through  the  dielectric,  this  displace- 
ment may  or  may  not  synchronize  in  period  with  the  free  period  of 
vibration  of  the  resonator.  If  it  does  time  in  with  it,  then  the  amplitude 
of  the  displacement  oscillations  is  increased,  and  a  point  is  reached  at 
which  the  air  insulation  breaks  down  and  a  spark  then  passes. 

Owing  to  the  fact  that  the  resonator  is  a  nearly  closed  circuit,  it  is 
a  very  bad  radiator,  and,  as  Bjerknes  has  shown  {JFied.  Ann,  1891, 
vol.  44,  p.  74),  such  a  resonator  has  a  very  small  coefficient  of  damp- 
ing. If  it  is  a  circular  resonator  35  cms.  in  diameter,  as  used  by 
Hertz,  it  may  even  execute  1000  vibrations  before  the  electric  oscilla- 
tions are  practically  damped  out. 

It  is  obvious,  therefore,  that  oscillations  can  be  most  easily  set  up 
in  the  resonator  circuit  when  the  vibrations  of  electric  displacement 
which  give  rise  to  these  oscillations,  propagated  to  the  ^park  gap,  are 
in  a  direction  parallel  to  the  spark  axis  of  the  resonator. 

In  the  case  in  which  the  resonator  is  placed  with  its  plane  lying 
in  the  plane  containing  the  axis  of  the  radiator  and  the  base  line,  the 
distribution  of  electric  displacement  is  disturbed,  as  already  explained, 
by  the  metallic  circuit  of  the  resonator,  and  the  advancing  wave  surface 
of  displacement  has  a  component  parallel  to  the  spark  axis  of  the 
resonator,  and  therefore  the  conditions  are  such  as  to  be  favourable  to 
the  production  of  at  least  feeble  sparking. 

Hertz's  most  famous  discovery  with  the  above-described  simple 
resonator  was  the  proof  he  was  able  to  give  of  the  existence  of 
stationary  electric  waves  set  up  in  a  dielectric  or  in  space  bounded  by 
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a  sheet  of  metal.  He  attached  to  his  induction  coil  terminals  a  radiator 
composed  of  two  square  sheets  of  metal  40  cms.  inside,  having  fixed 
to  them  rods  ending  in  brass  balls.  These  plates  were  arranged  w^ith 
the  rods  in  one  Hne  and  the  balls  about  a  centimetre  apart,  the 
direction  of  the  rods  being  vertical  (see  Fig.  6).  As  a  resonator  he 
used  a  circular  wire  35  cms.  in  diameter,  with  the  ends  nearly  meeting 
and  furnished  with  spark  balls.  A  large  sheet  of  metal  was  set  up  at 
the  end  of  the  room,  and  the  radiator  with  axis  vertical  to  it  placed 
in  front  of  this  sheet.  The  resonator  was  held  with  its  plane  parallel 
to  the  metal  sheet,  and  its  spark  gap  parallel  to  the  spark  gap  of  the 
radiator. 

Under  these  conditions,  if  held  near  the  metal  sheet,  no  sparking 
occurred ;  but  if  moved  away  from  it,  sparks  were  seen,  and  at  a 


To 

inductiofi 

coil. 


Fig.  6.— Hertz  Resonator  used  to  detect  Electric  Waves  reflected  from 
a  Metal  Sheet,  M. 

certain  distance  these  sparks  had  a  maximum  brilliancy ;  but  if  the 
resonator  was  removed  still  farther  from  the  metal  sheet,  a  position 
could  be  found  in  which  the  sparks  again  ceased. 

All  along  the  base  line,  therefore,  perpendicular  to  the  metal  sheet, 
it  was  found  that  there  were  positions  of  maximum  and  minimum 
sparking  indicating  a  periodicity  in  the  distribution  of  electric  force  in 
that  space. 

A  very  important  discovery  in  connection  with  this  phenomenon 
was  made  by  Sarasin  and  De  la  Eive  {Comptf.^  litndus,  March  31, 
1891),  who  found  that  the  distance  between  two  non-sparking  places 
essentially  depended  upon  the  size  of  the  resonator,  and  was  approxi- 
mately equal  to  four  times  the  diameter  of  the  circular  resonator. 

The  earliest  view  taken  of  the  effect  was  that  the  radiator  creates 
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stationary  dielectric  waves  of  definite  wave  length,  and  that  the 
resonator  indicates  this  wave  length  by  sparking  when  held  as 
described  at  places  of  maximum  electric  force.  But  it  is  found  that 
the  size  of  the  radiator  very  little  affects  the  result. 

Another  hypothesis  was  that  the  radiator  sends  out  waves  of  all 
wave  length,  resembling,  therefore,  white  light,  and  the  resonator 
picks  out  and  responds  to  its  own  particular  wave  length.  But  this 
hypothesis  is  not  justified  by  any  facts.  The  most  probable  explana- 
tion was  that  given  by  M.  Poincare,  in  1891,  and  also  by  Professor 
J.  J.  Thomson  ("  Becent  Eesearches  on  Electricity  and  Magnetism," 
p.  402).  The  Hertz  radiator,  as  shown  by  Bjerknes,  is  a  very  strongly 
damped  system,  and  at  each  discharge  hardly  makes  more  than  a 
dozen  oscillations,  even  if  so  many,  before  its  electrical  vibrations  are 
damped  out. 

Suppose  the  resonator,  then,  held  at  a  distance  from  the  metal  wall 
equal  to  a  quarter  the  wave  length  corresponding  to  this  particular 
resonator,  then,  as  the  electric  force  passes  over  it,  it  will  create  a 
displacement  between  spark  balls.  This  displacement  travels  on,  is 
reflected  from  the  wall,  and  returns.  If  it  returns  at  such  a  moment 
as  to  assist  the  displacement,  then,  being  made  between  the  spark 
balls  of  the  resonator,  the  amplitude  of  this  displacement  is  increased, 
and  a  succession  of  such  assistances  will  break  down  the  insulation 
of  the  air  and  a  spark  will  occur.  It  is  clear,  therefore,  that  this 
reinforcement  of  the  displacement  amplitude  will  occur  when  the 
distance  of  the  resonator  from  the  metallic  wall  is  a  quarter  of  its 
own  wave  length.  Sarasin  and  De  la  Kive  used  resonators  of  various 
diameters  (D),  as  shown  in  the  table  below,  and  measured  the  distance 

2  between  places  of  maximum  sparking  in  the  field. 

TABLE  V. 


100  cms. 
76 
50 
85 
25 
20 
10 


!     DlBtanoe  between  two 
i    acQaoent  points  of  maxi- 
mum sparking  =  \/2| 


400  cms.  I  406  cms. 

800  „  I  282  „ 

200  „  '  222  „ 

140  „  I  152  „ 

100  „  120  „ 

80  „  I  86  „ 

40  „  38  „ 


Accordingly,  the  distances  between  the  positions  of  the  resonator 
when  the  maximum  sparking  takes  place  in  its  air  gap,  reveal,  not  the 
wave  length  of  pre-existing  stationary  waves,  but  the  oscillation  period 
or  wave  length  corresponding  to  the  resonator  itself.  Nevertheless, 
they  prove  the  existence  of  stationary  dielectric  waves  in  the  space 
between  the  metal  sheet  and  the  radiator,  and  therefore  that  the 
electromagnetic  impulses  travel  through  space  with  a  finite  velocity 
On  referring  to  the  last  table,  it  will  be  seen  that  the  wave  length 
observed  was  verj'  nearly  equal  to  eight  times  the  diameter  of  the 
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circular  resonator.  Now,  Mr.  H.  M.  Macdonald  has  shown,  in  his 
book  on  "  Electric  Waves  "  (see  p.  112),  that  by  theory  the  funda- 
mental wave  length  proper  to  a  circular  resonator  is  7*95  times  its 
own  diameter.  This  singular  agreement  between  theory  and  experi- 
ment shows  that  the  resonator  does  not  indicate  the  wave  length  of 
a  train  of  waves  of  definite  wave  length  passing  through  space,  but 
that  it  is  set  in  vibration  by  an  electric  impulse  administered  to  it, 
and  this  calls  forth  its  own  natural  proper  vibration.  The  only 
satisfactory  explanation  of  the  phenomena  is  that  which  is  based 
upon  Bjerknes'  discovery,  that  the  oscillations  sent  out  by  the  Hertz 
radiator  are,  as  we  have  already  seen,  highly  damped,  whilst  the 
oscillations  of  the  nearly  closed  resonator  are  very  slightly  damped ; 
hence  the  radiation  proceeding  from  the  radiator  consists,  at  most,  of 
half  a  dozen  rapidly  damped  oscillations  constituting  each  train, 
whereas  the  resonator,  when  set  in  vibration,  may  execute  1000 
oscillations  before  they  are  extinguished.  This  fact  has  an  important 
bearing  upon  the  theory  of  the  arrangements  used  in  wireless  telegraphy, 
as  we  shall  see  later  on. 

The  Hertz  resonator  resembles  the  simple  Marconi  aerial  in 
possessing  a  large  radiation  decrement,  that  is,  its  oscillations  are 
highly  damped  by  reason  of  radiation,  whereas  the  receiving  circuits 
employed  are  generally  circuits  having  very  small  logarithmic 
decrements. 

6.  Repetitioii  of  Hertz's  Experiments  on  Electric  Radiation.-^- 
It  is  a  difficult  matter  even  to  repeat  Hertz's  own  experiments  on  this 
subject  in  a  laboratory,  and  almost  impossible  to  show  them  to  a 
large  audience.  Nevertheless,  the  facts  are  so  important,  and  an 
experiment  shown  is  so  much  more  valuable  than  a  statement,  that 
the  author  has  devoted  much  attention  to  devising  apparatus  suitable 
for  lecture  purposes  by  which  the  principal  facts  of  electro-optics  can 
be  shown  even  to  large  audiences.  For  this  purpose  he  constructed 
a  special  form  of  radiator  and  receiver.  The  radiator  consists  of  a 
zinc  box.  A,  with  one  end  closed,  but  open  at  the  opposite  end  (see 
Fig.  7).  From  the  sides  of  the  box  protrude  zinc  tubes.  In  these 
zinc  tubes  are  fixed  ebonite  tubes,  each  of  w^hich  contains  a  rod  of 
brass  4  inches  long,  ending  in  a  brass  ball  1  inch  in  diameter.  The 
rods  are  attached  to  long  spirals  of  guttapercha-covered  wire,  which 
fill  up  the  rest  of  the  ebonite  tube. 

The  rods  are  so  fixed  that  the  balls  are  held  about  a  millimetre 
apart  in  the  interior  of  the  zinc  box.  The  outer  ends  of  the  wire 
spirals  are  connected  with  the  secondary  circuit  of  an  induction  coil. 
When  the  coil  is  in  action  sparks  pass  between  the  balls  and  create 
electric  waves  about  8  inches  in  wave  length,  which  issue  from  the 
open  mouth  of  the  zinc  box.  The  use  of  the  wire  spiral  at  the  end 
of  the  rod  is  to  prevent  the  waves  from  travelling  out  at  the  side  tube. 

The  receiver  B  (see  Fig.  7)  consists  of  a  similar  box  containing  a 
simple  form  of  nickel-filings  coherer,  or  electric  wave  detector.  For 
the  details  and  description  of  the  mode  of  action  of  this  device,  called 
the  coherer,  C,  the  reader  must  be  referred  to  the  next  chapter.  The 
wires  in  connection  with  the  coherer  are  brought  out  through  a  metal 
pipe,  which  must  be  screwed  or  soldered  into  the  box.  This  pipe  is  a 
couple  of  yards  in  length,  and  leads  to  an  open  metal  box,  in  which 
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is  placed  an  electric  bell,  G,  battery,  B^,  relay,  R,  and  relay  battery,  Bj, 
so  joined  up  that  when  the  metal  filings  in  the  sensitive  tube  became 
conductive  the  relay  is  traversed  by  a  current  and  sets  the  electric 
bell  in  action.  The  sensitive  tube  is  restored  to  nonconductivity  by 
giving  the  receiver  box  a  smart  knock  with  the  fingers.  The  radiator 
box  is  held  on  a  stand,  so  that  it  can  be  placed  with  its  axis  at  any 
angle. 

Furnished  with  this  apparatus,  we  can  generate  a  nearly  parallel 
beam  of  electric  radiation,  the  wave  length  of  which  is  only  about 
8  inches.  By  its  aid  we  can  follow  out  a  series  of  demonstrations, 
proving,  as  Hertz  first  showed,  that  this  electric  radiation  is  capable 
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Fio.  7.— Apparatus  for  producing  and  detecting  Electric  Waves.  S,  spark  balls 
in  metiU  box.  A,  with  open  mouth ;  C,  coherer  in  metal  box,  B,  with  open 
mouth ;  R,  relay  ;  G,  electric  bell ;  B„  relay  battery ;  B„  electric  bell  battery. 

of  reflection,  refraction,  and  interference,  and  that  various  substances 
are  opaque  to  it  and  others  transparent.  Moreover,  this  radiation,  he 
showed,  was  stopped  by  a  grating  of  fine  wires  placed  with  their 
direction  parallel  to  that  of  the  electric  force  or  axis  of  the  radiator. 
Since  Hertz's  experiments  were  made,  many  have  traversed  the  same 
ground,  and  gleaned  much  additional  knowledge. 

It  is  now  well  known  that  to  produce  successfully  on  a  moderately 
small  scale  optical  effects  with  electrical  radiation,  it  is  necessary  to 
employ  radiators  of  small  dimensions. 

Professor  A.  Ehigi,  in  1894,  described  investigations  made  with  an 
oscillator  consisting  of  two  metallic  spheres  3'75  cms.  in  diameter, 
immersed  in  oil.  These,  when  actuated  by  a  large  induction  coil, 
produced  electric  waves  10-6 
cms.  in  length.  The  resonator 
consisted  of  a  piece  of  glass 
silveied  along  a  certain  strip 
4  cms.  in  length,  and  one-fifth 
of  a  centimetre  in  diameter  (see 
Kg.  8).  Across  the  centre  of 
this  strip  a  minute  scratch  was 
made,  forming  the  spark  gap, 
and  a  microscope  was  employed 
to  observe  the  tiny  sparks  in 
this  spark  gap. 

With  this  apparatus,  or  with 
another  circular  or  ring-shaped 
resonator  formed  in  the  same  way  of  silver  deposited  upon  glass, 
Rhigi  obtained  electrical  equivalents  of  all  the  familiar  optical  facts, 
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the  resonator  acting  as  an  eye  to  detect  the  invisible  radiation.  Since 
that  time  other  workers,  such  as  Lebedew,  Bose,  and  Lampa,  have,  by 
reducing  the  dimensions  of  the  apparatus  yet  further,  decreased  ,the 
wave  length  of  electrical  waves  to  about  4  cms.,  and  obtained  electrical 
radiation  the  wave  length  of  which  is  only  fifty  to  sixty  times  longer 
than  that  of  the  longest  heat  rays  which  have  been  sifted  out  by 
repeated  reflection  from  a  luminous  source  of  radiation,  such  as  the 
Welsbach  gas  radiator. 

This  electrical  radiation  penetrates  easily  through  dielectric  bodies. 
It  is  completely  reflected  from  metallic  surfaces,  and  is  also  more  or 
less  reflected  from  the  surface  of  insulators. 

These  facts  can  be  easily  exhibited  with  the  above-described 
apparatus.  If  the  radiator  box  and  the  receiver  box  are  placed  with 
their  open  ends  towards  each  other  and  about  a  couple  of  feet  apart, 
the  axes  being  in  the  same  straight  line,  we  find  that  on  pressing  a 
key  in  the  primary  circuit  of  the  induction  coil  the  bell  in  the  receiver 
circuit  rings.  If,  however,  a  sheet  of  tin,  or  tinfoil,  or  even  of  silvered 
paper,  is  interposed,  the  radiation  is  cut  off.  A  sheet  of  perforated 
zinc,  a  wet  duster,  and  even  the  human  hand  or  body,  are  found  to  be 
perfectly  opaque.  On  the  other  hand,  a  slab  of  wood,  paraffin,  wax, 
pitch,  glass,  ebonite,  leather,  dry  cloth,  and  all  other  insulators  are 
transparent.  Conductors  of  any  kind  are  opaque.  Amongst  Itquids, 
water,  alcohol,  glycerine,  and  amyl  alcohol  are  also  opaque ;  whilst 
paraffin  oil,  turpentine,  bisulphide  of  carbon,  and  creosote  are  very 
transparent. 

If  we  turn  the  radiator  so  that  its  open  mouth  is  not  directly 
towards  that  of  the  receiver,  we  find  that  the  receiver  is  not  affected, 
showing  that  the  radiation  is  not  entering  it.  We  can,  however, 
reflect  the  radiation  into  the  receiver  by  using  as  a  reflector  a  sheet  of 
metal,  a  wet  cloth,  the  hand,  or  a  moist  sheet  of  glass.  We  can  easily 
prove  that  this  radiation  obeys  the  optical  law,  and  that  the  angle  of 
incidence  is  equal  to  the  angle  of  reflection.  All  good  reflectors  are 
opaque  to  the  radiation.  It  is  curious  to  notice  how  much  of  the 
radiation  is  reflected  from  a  sheet  of  window  glass  unless  carefully 
dried.     This  is  due  to  the  film  of  moistm-e  generally  present  upon  it.^*** 

By  examining  the  reflection  from  dielectrics  such  as  glass  and 
paraffin,  Professors  FitzGerald  and  Trouton  were  enabled  to  settle 
the  long-disputed  question  as  to  the  direction  of  the  vibration  in 
relation  to  the  plane  of  polarization  in  plane  polarized  light. 

According  to  Fresnel,  the  luminous  vibration  was  at  right  angles 
to  the  plane  of  polarization,  that  is,  to  the  plane  of  reflection  when 
light  is  polarized  by  reflection,  whilst  according  to  MacCuUagh  it  is 
coincident  with  that  plane. 

The  theory  of  electric  waves  indicates,  as  we  have  seen,  that  we 
are  concerned  with  two  vectors,  one  the  magnetic  force  and  the  other 
the  electric  force,  and  that  both  these  periodically  vary.  Theory 
indicates  that  the  electric  lorce  is  perpendicular  to  the  plane  of 
polarization.  This  conclusion  was  verified  by  FitzGerald  and  Trouton, 
for  electric  waves  were  found  not  to  be  reflected  at  the  polarizing 

"  Prof.  Trouton  has  shown  that  in  this  case  the  reflection  is  really  due  to  a 
film  of  moisture  on  the  glass.  There  is  no  reflection  from  a  sheet  of  perfectly 
dry  glass.  • 
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angle  from  the  surface  of  a  dielectric  when  the  electric  force  is  parallel 
to  the  plane  of  polarization ;  but  reflection  occurs  at  all  angles  when 
the  electric  force  is  perpendicular  to  tnat  plane.  In  the  electric  ray, 
therefore,  the  electric  force  is  perpendicular  to,  and  the  magnetic  force 
parallel  to  or  in,  the  plane  of  polarization. 

Some  of  the  most  interesting  results  in  the  study  of  electric  waves 
are  those  which  have  flowed  from  experiments  made  on  the  refraction 
of  these  electric  rays.  By  the  use  of  a  colossal  prism  of  pitch,  having 
a  refracting  angle  of  30°,  Hertz  was  able  to  discern  a  refraction  of  22° 
when  long  electric  waves  were  incident  on  the  prism  indicating  a 
refractive  index  of  1-69.  It  is  convenient  to  call  the  refractive  index 
so  determined  the  electrical  refractive  index,  and  the  refractive  index 
for  luminous  or  visible  light  the  optical  refractive  index. 

With  the  author's  apparatus,  it  is  very  easy  to  exhibit  the  power 
of  insulators  to  refract  this  radiation  with  a  prism  of  quite  small 
dimensions.     A  paraflin  prism  having  a  refracting  angle  of  60°,  the 


Fig.  9. — Refraction  of  an  Electric  Beam  by  a  Paraffin  Prism. 


length  of  each  side  being  about  6  inches,  is  constructed.  If  we  set 
the  radiator  and  receiver  boxes  in  such  positions  that  the  electric  ray 
emerging  from  the  mdiator  just  escapes  the  receiver,  and  so  does  not 
directly  afifect  it,  we  shall  find  that  on  introducing  the  above-mentioned 
paraffin  prism  in  the  path  the  electric  ray  is  refracted  just  as  would 
be  a  ray  of  light  by  a  glass  prism  (see  Pig.  9).  With  a  little  care,  it 
is  easy  to  measure  the  deviation  of  the  ray  produced  by  the  prism, 
and  hence  to  calculate  the  electric  index  of  refraction  of  the  material. 
The  author  has,  in  this  manner,  measured  with  his  apparatus  the 
refractive  index  i  of  paraffin  wax  and  also  of  dry  ice,  employing  for 
this  purpose  a  large  ice  prism,  cut  with  the  saw  out  of  a  block  of  ice. 
The  refracting  angle  /•  of  the  paraffin  prism  was  60°,  and  the 
minimum  deviation  fl  of  the  electric  ray  produced  by  ii  was  45^  to 
60°.  In  the  case  of  the  ice,  the  refracting  angle  of  the  prism  was  50°, 
and  the  minimum  deviation  of  the  i*ay  was  also  50°.  Hence,  by  tlie 
formula  -  - 
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we  have  for  the  paraffin  a  value  of  the  electric  refractive  index- 
sin  601+30^ 

i  = 1 =  ?^°^I  =  2  sin  bS"  =  1-64 

.    60°  sin  30° 

sin  -2  - 


and  for  the  ice- 


sin  50° +  50° 


2  sin  50° 


rso 


.    50°  sin  25 

sin  ^2- 


=  1-83 


By  Maxwell's  law  the  squares  of  these  indices  should  be  equal  to 
the  dielectric  constants.  The  square  of  1*64  is  nearly  1-8,  and  the 
square  of  1'83  is  nearly  3-34. 

The  values  obtained  by  electrostatic  methods  for  the  dielectric 
constant  of  paraffin  wax  give  numbers  not  far  from  2.  The  values 
obtained  for  ice  at  or  near  0°  C,  by  low  frequency  on  electrostatic 
methods,  give  values  near  80.  If,  however,  the  ice  is  taken  at  very 
low  temperatures  (—190°  C),  then  for  low  frequency  we  find  values  of 
the  dielectric  constant  near  3-0  and  under.  (See  Fleming  and  Dewar, 
Proc.  Ray,  Soc.  Loml,  1897,  vol.  61,  p.  2,  on  the  "  Dielectric  Constant  of 
Ice  at  Low  Temperatures.") 

It  is  interesting  to  notice  that  M.  C.  Gulton  {Compt^s  Rendus^  1900, 
vol.  130,  p.  1119 ;  or  Science  Abstrach,  vol.  3,  p.  545)  has  by  another 
electric  wave  method,  determined  the  electric  refractive  index  of  dry 
ice  at  a  little  below  0°  C.  He  found  the  ice  did  not  perceptibly 
absorb  electric  waves.  He  determined  the  refractive  index  to  be  1-76, 
corresponding  to  a  dielectric  constant  3-1.  The  wave  length  used 
was  14  mm.  He  also  measured  the  refractive  index  for  waves  of 
25  cms.  in  length,  and  up  to  2000  cms.  He  discovered  that  the 
electric  refractive  index  progressively  decreases  from  1*76,  correspond- 
ing to  the  14  mm.  waves,  down  to  1*50  for  waves  2088  cms.  in  length. 
This  last  gives  a  dielectric  constant  of  2*25,  which  is  not  far  from  the 
value  2  0,  found  by  M.  Blondlot  for  still  greater  wave  lengths.  Hence 
the  rather  rough  experiment  made  by  the  author  with  an  ice  prism 
gives  a  result  for  the  dielectric  constant  which  is  not  greatly 
different  from  those  found  by  other  electrical  methods  when  the 
disturbing  influence  of  temperature  is  eliminated.  The  observed 
values  of  the  deviation  of  the  ray  by  the  prism  used  by  the  author 
are  unquestionably  only  approximate  values,  as  the  radiation  emitted 
from  the  radiator  is  far  from  being  a  well-defined  ray.  It  is  remark- 
able, in  fact,  that  when  dealing  with  radiation,  the  wave  length  of 
which  is  so  large  compared  with  the  dimensions  of  the  prism,  one 
should  be  able  to  obtain  any  well-marked  refraction  at  all. 
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The  author  has  also  succeeded,  with  the  same  apparatus,  in 
showing  the  total  internal  reflection  of  the  ray  by  a  right-angled 
prism  of  paraffin.  Most  interesting  of  aD,  however,  is  the  concentra- 
tion of  the  electric  ray  by  paraffin  lenses.  It  is  easy  to  cast  a  piano- 
cylindrical  lens  of  paraffin  wax.  The  radius  of  curvature  of  the 
curved  side  may  be  6  inches,  and  the  focal  length  is  then  12  inches. 
Two  conjugate  foci  exist  for  such  a  lens  (made  of  a  material  of 
refractive  index  2),  at  equal  distances  of  24  inches  on  either  side  of 
the  lens.  If  we  place  the  radiator  box  and  receiver  box  at  a  distance 
of  4  feet,  we  may  so  adjust  the  receiver  that  the  direct  radiation  is 
too  weak  to  cause  the  bell  to  ring.  If  we  interpose  the  paraffin  lens 
halfway  between,  it  converges  the  radiation  on  to  the  receiver  and 
creates  an  electrical  focus  at  or  near  the  sensitive  tube  or  box,  and 
the  bell  of  the  receiver  at  once  rings  (see  Fig.  10).  This  shows  clearly 
that  the  paraffin  lens  gathers  up  the  diverging  electric  radiation  and 
focuses  it  on  to  the  receiver. 


Fig.  10.— Convergence  of  an  Electric  Beam  by  a  Paraffin  Lens. 

With  the  same  apparatus,  interesting  experiments  can  be  shown 
illustrating  the  action  of  gratings  on  this  electric  radiation. 

If  we  interpose  in  the  path  of  the  ray  a  grid  made  by  winding 
wire  over  a  frame  (see  Fig.  11),  it  is  found  that  this  grid  is  opaque  to 
the  radiation  if  the  wires  are  held  parallel  to  the  electric  force  of  the 
ray,  but  transparent  if  they  are  held  parallel  to  the  magnetic  force. 
The  reason  for  this  seems  to  be  that  in  the  former  case  secondary 
electric  currents  are  set  up  in  the  wires,  and  these  shield  the  receiver 
from  the  original  radiation,  because  the  magnetic  force  of  the  induced 
current  is  exactly  opposite  in  phase  to  the  magnetic  force  of  the 
original  ray  at  that  point  where  the  wire  is  situated,  and  hence  at 
point  where  the  coherer  is  situated,  and  accordingly  a  complete 
shielding  takes  place. 

The  author  has  found  that  a  set' of  large  pins,  arranged  parallel  to 
each  other  at  a  little  distance  apart  on  a  sheet  of  paper,  acts  in  a 
similar  manner;  but  a  set  of  very  small  or  midget  pins  similarly 
arranged  is  not  an  effective  screen.  The  use  of  the  small  pins  simply 
amounts  to  the  cutting  up  of  a  large  wire  into  very  short  lengths,  and 
this  effectually  prevents  the  induction  in  it  of  any  sensible  current. 
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A  large  number  of  different  methods  have  been  employed  for 
determining  the  electrical  refractive  index  of  dielectrics.  One  of  the 
most  simple  of  these  is  to  employ  a  Hertz  resonator  of  rectangular 
form,  having  spark  balls  at  the  centre  of  one  side,  and  a  wire  attached 
to  the  centre  of  the  opposite  side,  this  wire  being  connected  to  the 
secondary  terminal  of  an  induction  coil.  When  the  coil  is  set  in 
operation,  no  sparks  would  then  be  found  to  occur  at  the  spark  balls 
of  the  resonator,  because  the  electrical  oscillations,  starting  from  the 
point  of  origin,  arrive  at  the  spark  balls  by  two  different  routes  of 
equal  length.  If,  however,  one  side  of  the  rectangle  is  immersed  in 
paraffin,  sulphur,  or  any  other  dielectric,  the  equality  is  broken  down 
and  sparking  would  occur.  This  sparking  can  only  be  stopped  by 
lengthening  the  opposite  side  of  the  rectangle  so  as  to  increase  its 
inductance,  and  when  this  is  the  case  the  product  of  inductance  and 
capacity  of  each  side  must  be  equal.  Hence  we  can  deduce  the 
dielectric  constant,  and  therefore  the  refractive  index  of  the  material 
in  which  one  side  of  the  rectangle  is  immersed. 


Fig.  11. — The  Interposition  of  a  Grid  between  Radiator  and  Receiver  Rods  to 
show  Opacity  or  Transparency  according  to  Position. 

Experiments  of  this  kind  made  by  Professor  J.  J.  Thomson,  to 
determine  the  electrical  index  of  refraction  of  paraffin  and  sulphiu*, 
gave  values  respectively  of  1*35  and  1*7,  indicating  dielectric  constants 
equal  to  1*8  and  29. 

By  a  similar  and  more  sensitive  arrangement,  Arons  and  Eubens 
found  the  electrical  refractive  indices  of  certain  substances  to  be  as 
follows  :— 

Castor  oil 2*06 

Olive  oil 1-71 

Xylol 1-60 

Petroleum 1'40 

The  values  for  the  electrical  refractive  index  were  found  to  be  in 
fair  agreement  with  the  dielectric  constants  of  the  same  substances, 
as  determined  l)y  slow  alternations  of  electric  force. 

Similar  measurements  have  been  made  by  A.  D.  Cole,  by  determin- 
ing the  reduction  in  wave  length  which  occurs  when  the  parallel 
wires  of  a  Lecher  arrangement  are  passed  through  a  trough  containing 
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liquid.  Cole  has  measured  in  this  way  the  electrical  refractive  index 
of  water  and  alcohol  {fried.  Ann.,  1896,  vol.  67,  p.  290). 

In  the  first  experiment,  waves  having  a  wave  length  of  300  to  600 
cms.  length  in  air  were  used.  The  wave  length  in  water  for  the  same 
frequency  was  about  one-ninth  part  of  the  wave  length  in  air,  the 
exact  ratio  being  8*9,  which  is  therefore  the  electrical  refractive  index 
of  water.  This  number  agrees  very  well  with  similar  measurements 
by  Drude,  using  waves  of  60  cms.  in  length,  which  gave  the  value  8-7 
for  the  electrical  refractive. index  of  water.  The  square  of  8*9  is  79*21, 
which  is  almost  identical  with  the  value  of  the  dielectric  constant  of 
water  as  determined  by  electrostatic  methods,  such  as  that  employed 
by  Heerwagen. 

Electrical  waves  having  a  wave  length  of  209  cms.  in  air  have 
been  found  to  give  for  alcohol  an  electrical  refractive  index  of  5-24, 
and  the  square  of  this  last  number  agrees  very  well  with  the  electro- 
static or  low  frequency  determinations  of  the  dielectric  constant  of 
alcohol 

By  employing  short  electric  waves,  5  cms.  or  so  in  wave  length. 
Cole  was  able  to  measure  the  electrical  refractive  indices  of  water  and 
alcohol  by  an  indirect  method.  A  sheet  of  zinc,  1  mm.  thick,  is  found 
to  reflect  the  electric  ray  practically  without  loss  at  45°,  when  the 
electric  component  is  perpendicular  to  the  plane  of  incidence. 
Measurements  of  the  reflective  power  of  a  water  surface  at  the  same 
incidence  (46°)  show  that  the  reflective  power  is  718  per  cent,  when 
the  electric  component  is  perpendicular  to  the  plane  of  incidence.  In 
this  latter  case  the  zinc  surface  would  reflect  92  per  cent. 

By  applying  two  formulae  due  to  Fresnel,  the  index  of  refraction 
can  be  determined  from  these  data.  For  water  the  value  deduced 
was  8-85,  for  alcohol  the  electrical  refractive  index  lies  between  3*15 
and  3-26. 

Hence,  it  appears  that  in  the  case  of  alcohol  there  is  a  rapid 
diminution  in  the  refractive  index  as  the  wave  length  is  shortened 
from  300  or  600  cms.  to  5  cms.,  but  for  wave  length  variation  over 
the  same  range  little  or  no  such  diminution  occurs  in  the  case  of 
water. 

The  above  facts,  however,  show  that  in  the  case  of  both  these 
fluids  there  must  be  considerable  anomalous  dispersion.  It  is  well 
known  that  within  the  Umits  of  ordinary  visible  spectrum  a  decrease 
in  the  wave  length  of  the  refracted  light  is  accompanied  by  an  increase 
in  refractive  index  in  the  case  of  most  transparent  bodies. 

For  instance,  when  light  passes  through  water,  alcohol,  or  bisulphide 
of  carbon,  the  waves  which  produce  the  sensation  of  violet  light  are 
shorter  in  wave  length  and  have  a  larger  refractive  index,  and  are 
therefore  more  refracted  than  those  which  produce  the  sensation  of 
red  light.  But  this  is  not  universally  the  case.  Many  substances  are 
known,  such,  for  instance,  as  an  alcohoUc  solution  of  fuchsine,  which 
possess  anomalous  dispersion,  and  for  these  substances  the  red  rays 
are  not  less  refracted  than  the  violet ;  but  the  order  of  the  colours  in 
the  spectrum  is  entirely  changed.  If  light  is  passed  through  a  thin 
prism  formed  with  the  above  solution,  the  violet  rays  are  found  to  be 
less  refracted  than  the  red.  This  anomalous  dispersion  always 
accompanies  great  local  absorption  in  the  spectrum ;  and,  as  Kundt 

Y 
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has  pointed  out,  wherever  there  is  a  strong  absorption  band  in  the 
spectrum  the  refractive  index  is  abnormally  increased  below  the  band 
and  abnormally  diminished  above  the  band  in  going  up  the  spectrum 
from  the  red  to  the  violet. 

In  the  case  of  water,  the  optical  refractive  index  for  waves  having 
a  wave  length  within  the  limits  of  the  visible  spectrum  is  a  number 
lying  between  1"4  and  1-3,  a  decrease  in  the  refractive  index  within 
these  limits  corresponding  to  an  increase  in  wave  length.  If,  however, 
the  incident  wave  length  is  increased  in  length  up  to  5  cms.  or 
upwards  by  employing  electrical  waves,  the  refractive  index  rises  to  a 
number  not  far  from  8*9,  and  all  experiments  show  that  when  using 
electric  waves  having  wave  lengths  between  the  limits  of  6  metres  and 
6  mm.,  the  electrical  refractive  index  of  water  is  a  number  not  far 
from  8-9. 

Hence  there  must  be  a  large  fall  in  refractive  index  in  passing 
from  the  frequency  6  x  10*®,  corresponding  to  waves  of  5  mm.  in 
length,  to  the  frequency  of  400  x  10",  corresponding  to  the  waves 
which  give  rise  to  red  light  which  have  a  wave  length  of  about  ^.}^q  mm. 

Accordingly,  it  is  clear  that,  in  the  case  of  water,  when  we  select 
a  sufficiently  wide  range  of  vibrations,  there  must  be  a  marked 
anomalous  dispersion.  This  may  be  connected  with  the  strong 
absorption  band  which  is  known  to  exist  in  the  case  of  water  in  the 
ultra-red  spectrum. 

For  alcohol,  it  has  been  found  that  in  passing  from  electric  waves 
having  a  wave  length  of  8  or  9  metres  to  waves  having  a  wave  length 
of  about  8  mm.,  the  electrical  refractive  index  drops  from  a  value  of 
5  or  thereabouts  to  a  value  of  2-6.  In  other  words,  the  refractive 
index  diminishes  with  the  wave  length ;  hence  it  is  clear  that  here 
also  there  must  be  anomalous  dispersion. 

One  of  the  results  which  has  emerged  from  these  investigations  is 
the  proof  that  is  afforded  by  them  of  the  fact  that  a  change  in 
frequency  has  a  very  much  greater  effect  upon  the  electrical  refractive 
index  of  some  substances  than  others.  Thus,  as  regards  ice,  it  has 
been  shown  by  M.  E.  Bouty  that  when  using  low  frequency  alterna- 
tions of  electric  force,  the  dielectric  constant  of  ice  at  —  23®  C.  and 
upwards  has  a  value  78*8."  Dr.  J.  Hopkinson  and  Professor  E. 
Wilson  also  made  determinations  of  the  same  constant,  and  found 
that  ior  alternations  lying  between  10  and  100  a  second  the  dielectric 
constant  of  ice  is  a  number  of  the  order  of  80. 

M.  Blondlot  {Comptes  Rendtis,  1894,  vol.  119,  p.  695),  using  electric 
waves,  has  measured  the  electrical  refractive  index  of  ice  and  found 
a  value  of  1*41  for  it,  corresponding  to  a  dielectric  constant  2.  The 
experiments  of  Dr.  Hopkinson  and  Professor  Wilson  showed  that  the 
dielectric  constant  of  ice  measured  with  a  frequency  of  a  million  is  a 
number  less  than  3.  Blondlot's  value  for  the  electrical  refractive 
index  of  ice  has  been  confirmed  by  A.  Perrott  {Campt^s  Rendus,  1894, 
vol.  119,  p.  601),  who  found  the  value  of  1-43  of  the  electrical 
refractive  index. 

We  see,  therefore,  that  for  even,  comparatively  speaking,  very 
moderate  increase  in  frequency  the  electrical  refractive  index  of  ice 
falls  to  a  value  not  far  from  that  of  its  optical  refractive  index,  whereas 
"  Joum,  de  Physique ^  1892,  vol.  1. 
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over  the  same  range  of  frequency  the  electrical  refractive  index  of  water 
still  maintains  a  value  8-9,  which  is  far  above  the  value  of  its  optical 
refractive  index.  This  and  many  other  similar  facts  appear  to  show 
that  when  liquid  dielectrics  of  high  dielectric  constant  pass  into  the 
solid  state,  these  abnormally  large  values  of  electrical  refractive 
indices  are  more  easily  reduced  to  an  approximation  in  value  to  the 
optical  refractive  indices  by  increased  frequency  than  are  those  of 
the  corresponding  liquids.^* 

As  regards  glass,  Bose  has  measured  the  index  of  refraction  of 
glass  for  electric  waves  by  a  method  resembhng  the  optical  method 
of  total  reflection  due  to  Terquem  and  Trannin,  using  electric  waves 
having  a  frequency  of  10^®  or  a  wave  length  of  3  cms.  By  four 
different  methods  he  found  a  value  for  the  electrical  refractive  index 
of  glass  close  to  2*04  ;  the  value  of  the  optical  refractive  index  for  the 
D  rays  for  the  same  glass  was  1-63.  The  dielectric  constant  of  this 
glass,  when  determined  by  static  methods,  would  probably  have 
yielded  a  number  not  far  from  6;  the  square  root  of  its  dielectric 
constant  would  probably  have  been  a  number  lying  between  2*5  and 
3.  Hence  the  electrical  refractive  index  has  a  number  approximating 
more  closely  to  the  optical  refractive  index  than  does  the  square  root 
of  the  static  dielectric  constant. 

Leaving  out  of  account  questions  of  the  absorption  of  energy,  the 
facts  show  then  that  electric  waves  travel  very  much  more  slowly 
through  dielectrics  than  through  empty  space.  In  the  case  of  water, 
the  velocities  in  space  and  water  are  in  the  ratio  of  9  to  1,  for  any 
electric  wave  lengths  yet  produced  ;  whilst  for  visible  light  waves  the 
ratio  is  more  nearly  1-3  to  1.  We  find  that  for  alcohol  the  wave 
velocity  ratio  is  5  to  1  for  long  electric  waves,  and  25  to  1  for  the 
shortest  electric  waves  yet  produced ;  whereas  for  visible  light  waves 
the  ratio  is  only  about  1*3  to  1. 

When,  however,  we  select  such  substances  as  paraffin  oil,  turpentine, 
many  hydrocarbons,  liquid  oxygen,  or  bodies  of  simple  chemical 
constitution,  we  find  no  such  great  difference  between  the  velocities 
of  the  electrical  and  light  waves  of  very  different  wave  length.  Then, 
again,  it  has  been  shown  that  very  low  temperature  annuls  this 
difference  in  the  velocity  ratios  for  electric  and  eye  affecting  radiation. 

An  interesting  question  then  presents  itself  for  solution.  We  ask, 
why  is  it  that  water  reduces  the  velocity  of  non-visible  electric  waves 
passing  through  it  so  much  more,  relatively  speaking,  than  it  does  the 
velocity  of  visible  light  waves  of  much  higher  frequency.  The  answer 
to  this  question  is,  no  doubt,  to  be  found  in  the  variation  of  dielectric 
constant  with  frequency.  There  are  a  large  number  of  substances  of 
simple  symmetrical  chemical  constitution,  such  as  the  liquid  gases, 
paraffins,  saturated  hydrocarbons,  etc.,  which  have  all  dielectric 
constants  lying  in  value  between  2  and  3,  and  optical  and  electrical 
refractive  indices  lying  between  1-4  and  1*7,  and  these  values  are  but 
little  disturbed  by  any  change  in  frequency  varying  between  zero  and 
bilhons  per  second.  It  would  seem  as  if  the  matter  of  which  these 
bodies  consist  merely  had  the  power  of  about  doubUng  the  dielectric 
constant   of  empty  space   or   aether,   without    much   changing    the 

"  See  Fleming  and  Dewar,  "Note  on  the  Dielectric  Constant  of  Ice  and 
Alcohol  at  very  Low  Temperatures,"  Froc,  Roy,  Soc.j  vol.  61,  pp.  2  and  316. 


324  ELECTROMAGNETIC   WAVES 

qualitative  characteristics  of  the  dielectric  constant  of  the  aether.  We 
have  seen  that,  according  to  Thwing's  law,  the  dielectric  constant  of 
these  bodies  is  neariy  2*6  times  their  density. 

On  the  other  hand,  all  bodies,  the  molecules  of  which  contain  those 
little  groups  of  easily  removed  atoms  which  chemists  call  radicles, 
such,  for  instance,  as  hydroxyl,  nitryl,  etc.,  have  dielectric  constants 
more  or  less  sensitive  to  change  in  frequency  according  to  their 
temperature.  An  increase  in  the  frequency  generally,  but  not  always, 
decreases  the  dielectric  constant.  Hence,  as  a  rule,  in  these  cases  the 
electric  displacement  is  larger  for  a  given  electric  force  the  longer  the 
time  during  which  the  force  is  applied.  To  elucidate  these  anomalies, 
the  author  suggests  the  following  theory — 

For  the  sake  of  argument  and  brevity,  let  us  adopt  the  electronic 
theory.  Start,  then,  with  Dr.  Larmor's  fundamental  conception  of 
the  electron  as  a  strain  centre  in  the  BBther,  electrons  being  either 
positive  or  negative.  Assume,  with  him,  that  atoms  are  collocations 
of  electrons  in  stable  orbital  motion.  In  a  saturated  chemical  molecule 
or  atom,  we  must  then  postulate  that  the  positive  and  negative 
electrons  are  equal  in  number.  We  may  take  this  to  be  the  case  in 
those  chemically  inert  substances,  the  paraffins,  and  saturated  hydro- 
carbons, and  other  symmetrical  atoms  or  molecules  not  containing 
chemical  radicles.  We  must  assume  that  whatever  may  be  the 
nature  of  the  aether  strain  which  results  from  an  application  of  electric 
force,  it  is  of  such  kind  that  it  causes,  or  tends  to  cause,  a  displace- 
ment of  positive  and  negative  electrons  in  opposite  directions.  This 
displacement  is  instantaneous  and  of  a  purely  elastic  type,  so  that, 
whether  the  force  is  reversed  slowly  or  rapidly,  the  ratio  of  the  whole 
electric  strain  to  the  electric  stress,  i.e,  the  dielectric  constant,  remains 
the  same.  Accordingly,  the  existence  of  electric  force  in  a  dielectric 
creates  an  aether  strain,  and  slightly  distorts  the  configuration  of  the 
electronic  groups  which  form  the  material  atoms  of  a  dielectric. 
Moreover,  the  total  electric  moment  produced  is  proportional  to  the  mass 
per  unit  of  volume.  The  elastic  reaction  to  the  stress  is  the  same,  or 
nearly  the  same,  whether  it  is  reversed  billions  per  second,  as  in  the 
case  of  a  ray  of  hght  passing  through  the  dielectric,  or  very  slowly, 
say  a  hundred  times  per  second.  For  these  substances,  then.  Max- 
well's law  and  Thwing's  law  are  fulfilled. 

Consider  next  a  substance  such  as  unter.  Chemical  arguments 
lead  us  to  regard  the  molecule  of  water  as  capable  of  fission  or 
partition  into  two  non-identical  masses,  viz.  H  and  (HO),  which  are 
respectively  the  semi-molecules  of  hydrogen  and  hydroxyl.  These 
masses,  when  free,  constitute  the  ions  of  water,  and  carry  electric 
charges.  Hence,  on  the  electronic  theory  they  must  each  be  regarded 
as  collocations  of  electrons,  but  the  H  groups  or  masses  contain 
more  positive  electrons  than  negative,  and  the  (HO)  groups  more 
negative  than  positive. 

When  united  to  form  the  water  molecule,  the  collective  mass 
H(HO)  possesses  an  electnc  moment — that  is  to  say,  it  is  equivalent  to 
a  mass  having  a  positive  charge  on  one  part  and  a  negative  on 
another.  All  chemical  facts  lead  us  to  believe  that  the  union  between 
the  O  and  the  H  in  the  semi-molecule  of  hydroxyl  (HO)  is  far  more 
intimate  than  the  imion  between  the  H  and  the  (HO)  in  water. 
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Accordingly,  under  the  action  of  electric  force,  the  water  molecule 
will  be  aiieided  in  space  like  a  small  magnet  in  a  magnetic  field.  This 
orientation  is  equivalent  to  an  additional  electric  displacement,  over 
and  above  that  due  to  mere  strain  of  the  electrons  in  the  molecule,  or 
of  the  aether  in  the  same  place.  According  to  the  theory  here  suggested, 
it  is  this  orientation  of  the  molecules  which  bestows  the  abnormal 
value  upon  the  dielectric  constant.  We  have  next  to  explain  on  this 
theory  why  these  abnormal  values  of  dielectric  constant  become  normal 
on  lowering  the  temperature  sufficiently.  Thermodynamic  theory 
seems  to  indicate  that  sensible  heat  is  the  result  of  mass  movements 
of  molecules.  Hence,  as  the  temperature  is  lowered  the  molecular 
agitation  is  quieted  down,  and  the  molecules  may  unite  into  larger 
groups  or  aggregations.  It  is  then  easy  to  see  that  these  larger 
groups  of  molecules  will  cease  to  possess  an  electric  moment,  just  as 
groups  of  equal  small  magnets,  united  pole  to  pole  so  as  to  form 
clos^  magnetic  circuits,  cease  to  possess  a  magnetic  moment  as  a 
whole.  Accordingly,  external  electric  force  can  no  longer  orient  these 
molecular  groups,  and  their  power  to  contribute  to  augment  the 
normal  dielectric  constant  disappears.  Hence,  at  very  low  tempera- 
tures, if  ice  consists  of  moleciUar  aggregates  of  water  molecules,  it 
should  have,  as,  in  fact,  it  has,  a  dielectric  constant  not  very  different 
from  that  value  due  to  a  very  rapidly  reversed  electric  force  when  at 
0°  C,  viz.  a  value  lying  between  2  and  3.  Also  it  is  easy  to  see  why 
on  this  theory  high  frequency  in  the  electric  force  reversals  leads  to 
the  same  result  as  very  low  temperature. 

In  the  case  of  the  high  frequency  alternating  electric  force  (billions 
per  second),  the  inertia  of  the  water  or  ice  molecule  prevents  it  from 
orienting.  The  only  effect  of  the  electric  force  is  to  produce  aether 
strain  and  strain  of  the  electrons  forming  the  molecule.  At  very  low 
temperatures  the  molecules  do  not  orient,  because  they  are  bound  up 
in  groups  and  have  no  resultant  electric  moment. 

We  also  find,  experimentally,  that  for  such  bodies  as  water, 
alcohol,  etc.,  there  is  a  temperature  at  which  the  large  or  abnormal 
dielectric  constant  has  a  maximum  value.  The  decrease  of  dielectric 
constant  at  and  above  a  certain  temperature  may  be  explained  by  the 
gradual  breaking  up  of  water  molecules  having  an  electric  moment, 
and  therefore  capable  of  being  oriented,  into  ions  having  no  electric 
moment.  The  gradual  increase  of  conductivity  in  ice  accompanying 
this  dielectric  change  as  it  is  heated  is  easily  explained  in  the  above 
theory,  because  the  ions  at  once  move  under  the  electric  force,  and 
moving  ions  constitute  electrolytic  conduction. 

We  must  not  occupy  more  space  in  developing  this  theory  at  any 
length,  but  it  seems  to  fit  in  fairly  well  with  most  of  the  observed 
facts  as  regards  the  influence  of  temperature  and  frequency  upon  the 
values  of  the  dielectric  constants  of  insulators  and  electrolytes,  and  to 
obtain  support  from  the  results  of  the  dielectric  measurements  at  low 
and  increasing  temperatures,  to  which  allusion  has  already  been  made. 

It  is  a  curious  fact  that  the  more  complicated  and  heavier  molecules, 
such  as  those  of  the  alcohols  and  glycerine,  have  their  normal  dielectric 
constants  reduced  to  smaller  and  normal  values  by  an  impressed 
electric  force  not  at  all  sufficient  to  similarly  affect  the  abnormal 
dielectric  constant  of  a  lighter  molecule  such  as  that  of  water. 
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7.  The  Production  of  Eleotrio  Waves  by  OBoillations  in  an 
Open  Cirouit. — No  method  has  yet  been  discovered  by  which  an 
electric  wave  can  be  produced,  except  by  means  of  the  excitation  of 
electric  oscillations  in  an  open  electric  circuit.  We  must,  therefore, 
study  a  little  in  detail  the  actions  which  take  place  when  high 
frequency  oscillations  are  set  up  in  a  linear  circuit. 

Let  us  consider  the  simple  case  of  a  pair  of  rods  placed  in  one 
line  with  their  ends  (which  should  be  smoothly  rounded)  placed  a 
millimetre  or  two  from  each  other  (see  Fig.  12).  Let  these  rods  be 
connected  to  the  secondary  terminals  of  an  induction  coil,  or  in  any 
way  brought  to  a  difference  of  potential  just  suflBcient  not  to  pierce 
the  air  between  their  contiguous  ends  and  made  a  spark.  Then  these 
rods  are  charged,  one  with  positive  and  the  other  with  negative 
electricity.  There  is,  therefore,  a  distribution  of  electric  strain  in  the 
space  round  the  rods  which  very  roughly  may  be  represented  as  to 
direction  by  the  dotted  lines  in  Fig.  12.     In  the  next  place,  suppose 
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Fig.  12. — Lines  of  Electric  Strain  round  a  Hertz  Linear  Oscillator. 


the  difference  of  potential  increased  until  a  spark  passes.  The  rods 
just  before  that  moment  are  in  the  condition  of  the  two  coatings  of  a 
condenser ;  in  fact,  they  have  a  certain  capacity  with  respect  to  each 
other,  and  a  certain  charge  determined  by  that  capacity  and  by  their 
difference  of  potential.  When  the  spark  passes,  this  condenser  begins 
to  discharge  with  oscillations.  The  ends  of  the  lines  of  electric  strain 
begin  to  contract  inwards,  and  then  are  re-established  in  the  same 
form,  but  in  opposite  directions,  when  the  charges  have  changed 
places. 

If  this  exchange  of  position  of  the  electric  charges  on  the  two 
rods  were  executed  slowly,  the  oscillatory  discharge  would  consist  in 
the  lines  of  electric  strain  collapsing  inwards,  and  then  being  recreated 
in  an  opposite  direction.  If,  however,  the  oscillations  are  sufficiently 
rapid,  the  lines  of  strain  are  unable  to  accommodate  themselves  quickly 
enough.  Each  line,  or  rather  the  medium  in  which  it  exists,  possesses 
an  inertia,  and  the  lines  of  strain  cannot  instantly  be  annihilated  or 
recreated  in  any  place.  Hence  it  follows  that  there  is  a  decussation 
or  crossing  of  some  of  the  hnes  of  strain  during  the  discharge,  and  at 
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various  stages  the  disposition  of  one  of  the  strain  lines  may  be  as 
represented  by  the  diagrams  in  Fig.  13. 

When  this  decussation  takes  place  the  line  of  electric  strain  is 
nipped  off  at  the  crossing  point,  and  part  of  it  is  detached  as  a  closed 
loop  of  electric  strain.  This  process  is  repeated  at  each  alternation, 
and  results  in  throwing  off  normally  from  the  rod  self -closed  lines  of 
electric  strain,  the  direction  of  the  strain  in  the  successive  loops  being 
alternately  right-handed  and  left-handed,  as  shown  by  the  arrows  in 
Fig.  13. 

As  each  loop  is  formed  it  is  pushed  outwards  by  the  birth  of  a 
new  one,  and  this  process  constitutes  electric  radiation.     As  each  line 
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Fio.  18. — Formation  and  Detaohment  of  a  Closed  Line  of  Electric  Strata  by 
Electric  Oscillations  taking  place  in  a  Linear  Oscillator  represented  by  the 
thick  black  line.  The  fine  line  is  the  line  of  Electric  Strain,  the  ends  of 
which  oscillate  on  the  Osoillator.  The  successive  stages  are  shown  in  (a),  (6), 
(c),  (d),  (.),  and  (/). 

or  loop  of  strain  is  moved  transversely  to  itself  through  space,  it  gives 
rise  to  a  line  of  magnetic  flux  which  is  at  right  angles  to  the  line  of 
electric  strain  and  to  the  motion  of  the  latter. 

This  is  an  important  principle  which  must  l)e  clearly  grasped. 
Suppose  that  a  line  of  electric  strain  exists,  which  is  represented  by 
the  firm  line  AB  in  Fig.  14,  and  that  it  moves  parallel  to  itself  from 
the  position  AB  to  the  position  CD.  This  movement  may  be  considered 
to  be  produced  by  the  creation  of  a  closed  line  of  electric  strain  of 
equal  strength  in  the  direction  represented  by  the  dotted  rectangle. 
If  such  a  closed  line  is  created,  it  would,  so  to  speak,  annihilate  the 
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strain  line  AB,  because  the  circuital  strain  is  in  the  opposing  direction 
on  that  side,  and  would  create  a  strain  in  the  same  direction  along 

CD.    This  circuital  strain  is  equi- 
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^  p        valent  by  Maxwell's  principle  to 

<f  .  ^  closed  electric  current  wkild  it 

is  increasing,  and  hence  in  coming 
into  existence  it  must  have  a 
magnetic  force,  which  in  this  case 
is  towards  the  reader  and  perpen- 
dicular to  the  paper.  Accordingly, 
during  the  time  the  movement  of 
the  original  line  of  electric  strain 
is  taking  place  it  is  accompanied 
by  the  production  of  a  magnetic 
flux,  which  is  in  a  direction  normal 
to  itself  and  to  its  direction  of 
motion.  We  can  easily  remember 
this  directional  relation  by  a  haml 
rule  as  follows  : — 

Hold    the   forefinger,    middle 

finger,  and   thumb  of   the  light  hand  as   nearly  as  possible  in  the 

direction  of   three  co-ordinate  axes    mutually  at   right   angles  (see 

Fig.  15). 

Let  the  direction  of  the  forefimjer  represent  that  of  the  line  of 

Electric  Force,  and   the  direction  of  the   /AwT/iZ*  the  direction  of  its 


• 
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Fig.  14.  —  Lateral  Displacement  of  a 
Line  of  Electric  Strain,  producing 
Magnetic  Force  at  Right  Angles. 
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Fig.  16.— Mnemonic  Rule  for  the  Relation  between  Electric  Strain,  Motion  of 
Strain  Line,  and  Resulting  Magnetic  Force. 

wotion  in  space,  then  the  direction  of  the  nmhlle  fingn  will  represent 
the  direction  of  the  resulting  Maymiic  Flux.  Hence,  as  the  electric 
oscillations  take  place  in  the  rods,  they  must  be  accompanied  by  the 
production  of  hnes  of  magnetic 'flux,  wliich  are  disposed  in  circles 
whose  centres  lie  in  the  rods  and  whose  planes  are  perpendicular  to  it, 
and  these  circular  hnes  of  flux  must  expand  outwards  as  the  loops  or 
lines  of  electric  strain  move  away  from  the  rods. 
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Hertz  considered  mathematically  the  case  of  such  an  oscillation 
produced  in  a  pair  of  very  short  rods  terminating  in  balls  called  a 
Hertz  doublet,  or  dumb-beU  oscillator.  His  analysis  proceeds  on  the 
following  lines.  ^^ 

We  have  seen  that  all  the  components  of  the  electric  and  magnetic 
forces,  and  hence  all  the  quantities  with  which  we  are  concerned  in 
considering  the  changes  of  electric  and  magnetic  force,  propagated 
through  the  electromagnetic  field  must  satisfy  the  equation  of 
Poisson,  viz. : — 


iW       dx"  "^  df  "^  d^ 


(19) 


or,  as  it  may  be  written,  A^^  =  A(<^),  where  ^  is  any  function  of 
r,  y,  z,  and  /,  and  A  is  the  reciprocal  of  the  velocity  with  which  the . 
effect  is  propagated  through  space.     This  equation,  as  we  have  shown, 
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Fig.  16. 

is  satisfied  by  the  components  of  the  electric  and  magnetic  forces  and 
jpotentials  in  the  electromagnetic  field. 

We  then  consider  a  small  Hertz  oscillator' or  doublet,  at  the  centre 
of  which  is  a  spark  gap  which  is  taken  as  the  origin  of  co-ordinates. 
Let  the  doublet  be  placed  horizontally,  and  its  direction  taken  as  the 
axis  of  z  (see  Fig.  16).  Let  the  axis  of  x,  and  the  axis  of  y  be  taken 
in  directions  perpendicular  to  ^,  and  in  a  plane  perpendicular  to  the 
axis  of  the  oscillator  and  at  right  angles  to  each  other.  Then  the 
position  P  of  any  point  in  the  field  may  be  specified  by  stating  its 
vertical  distance  p  from  the  axis  of  -  and  its  distance  r  from  the  origin. 
Everything  being  symmetrical  with  respect  to  the  axis  of  ,:,  the  above 
system  of  co-ordination  is  sufficient. 

Therefore  p  =  ^ /^  +  y/-*.  Also  we  may  define  the  position  in  polar 
co-ordinates  where  r  is  the  distance  of  the  point  considered  from  the 

»•  See  H.  Hertz,  Wxed.  Annalen,  1889,  vol.  86,  p.  1,  '•  The  Forces  of  Electric  • 
OBcillations   treated    according    to  Maxwell* s  Methods."    See    also   *' Electric 
Waves,"  by  H.  Hertz,  English  translation  by  D.  E.  Jones,  p.  137. 
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origin,  and  0  is  the  angle  between  the  directions  of  r  and  the  z  axis 
(see  Fig.  16).  Then  p  =  r  Qin  $  and  z  =  r  gos  0.  We  desire  to  find 
expressions  for  the  electric  and  magnetic  force  at  all  points  in  the 
field. 

Hertz  attacked  the  problem  in  the  following  manner.  He  assumed 
two  mathematical  quantities  he  called  n  and  Q  of  such  a  nature  that 
n  satisfies  the  Poisson  equation,  so  that — 

*i?='0+',?+'0 « 

and  n  and  Q  are  so  related  that  Q  =  p  ^  -,  where  p^  =  x^  +  f.      He 

then  found  that  expressions  for  the  component  electric  and  magnetic 
forces  could  be  obtained  as  follows  :  — 

X  =  -  — "  F  =  A  '^'^^ 

fh- .  (I:  '  (ly  .  (It 

Y=-;%  G=-a/"    y.     .     (21) 

dj/  .  d:  dx  ,dt  ^ 

</.r      djr 

Hence  n  and  Q  are  mathematical  quantities  of  the  nature  of 
potentials,  since  we  derive  the  electric  and  magnetic  forces  from  them 
by  dififerentiation.  The  proof  that  the  above  expressions  are  correct 
can  best  be  obtained  by  substituting  the  above  expressions  for  X,  Y,  Z, 
F  and  G  successively  in  the  Poisson  equation,  and  finding  that  they 
satisfy  it,  and  also  fulfil  the  conditions  of  continuity,  viz. — 

^^X      dX      dX      ^       dF      dG      dB.      ^ 

+  -,-  +   ,=0,  +-,    +  7=0..    (22) 

dx        dij        d:  dx        dy        dz 

This  is  sufficient  to  justify  their  form  as" correct  expressions  for  the 
component  electric  and  magnetic  forces. 

The  reader  should  note  as  an  assistance  in  so  doing  that  if  any 
function  of  x,  //,  ,r,  and  t  (say  U)  satisfies  the  equation — 

d.iT        dif        d:r 

then  any  diff'erential  coefficient  of  U,  such  as  -j-  or  .-  ,  ,  will  also 
satisfy  it.     For  the  order  of  differentiation  being  indifferent  we  have — 

d/  dx  )  "  dkdx}  / 
and  hence  the  above  theorem  follows  at  once. 
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Accordingly,  Hertz's  method  of  solving  the  problem  is  to  guess 
some  form  of  function  of  x,  y,  <s,  and  t^  which  is  to  be  taken  as  II  for 
the  case  in  question,  and  then  the  values  of  the  component  forces  are 
derived  from  it  by  simple  differentiation.  For  the  case  of  the  oscillator 
or  doublet  considered.  Hertz  assumes  that  — 

n  =  Ei^'°-('";  -  "^ (23) 

is  a  function  which  will  satisfy  the  required  conditions,  where  E  is  the 
quantity  of  electricity  on  either  ball  at  maximum  charge,  and  /  is  the 

total  length  of  the  rods  of  the  oscillator,  and  m  =  t-,  and  n  =  y„  and 

r  is  the  radius  vector  from  the  centre  of  the  oscillator  to  the  point  in 
the  field  considered. ^^ 

The  quantity  E/  is  called  the  electric  rmmrnt  of  the  oscillator,  and 
E  is  the  charge  at  one  end  at  the  instant  when  this  charge  has  its 
maximum  value.     From  the  above  expression  for  II  Hertz  derives  the 

corresponding  expression  f or  Q  =  p  .  ,  which,  since  pi^  =  a,^  +  ^,  is 

given  by — 

i-.  -ni       )  /  i\  sill  (''*'■  ■"  ^^01     •     o    y»  ,nA^ 

Q  =  E///i<cos  (/«;•  -  71/)  -         ^     ^ ^mn^  $ .     .     (24) 

This  is  easily  proved  if  we  note  that  /a  sn  /•  sin  6,  and  therefore  that 
Q  =  r  sin  ^  -7-.  .  ,   =  r  i  ^   sin'^  tf,  because  p^  +  ^^  =  '"^i  and  therefore 

dp      r 

Instead  of  defining  the  electric  force  by  its  three  components  X,  Y, 
and  Z,  it  is  for  many  reasons  more  convenient  to  define  it  by  two 
components  Z  and  R,  where  R  is  the  resultant  force  along  the  direction 
of  p,  so  that — 

R  =  X'''  +  Y^ (25) 

P         9 

Then  it  is  not  then  difficult  to  show  that — 

Also  we  may  define  the  magnetic  force  by  a  single  force  P  at  right 
angles  to  the  plane  containing  p,  so  that — 

P  =  F-^-G'- (26) 

P         P  ^     ^ 

Hence    pV  =  A  ^J 

y  The  reader  should  note  that  the  symbol  T  used  by  Hertz  denotes  the  semi- 
periodic  limCf  and  also  his  \  is  half  a  loave  lengthy  as  compared  with  our  notation. 
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We  can  then  derive  Z,  R,  and  P  directly  from  Q  by  differentiation, 
and  Q  from  n  also  by  differentiation. 

The  quantities  n  and  Q  are  therefore  of  the  nature  of  potentials 
which  yield  forces  on  differentiation. 

Finally,  therefore,  we  have  n,  a  function  of  Xy  y,  2,  and  /,  or  of  p, 
.r,  and  /,  satisfying  the  Poisson  equation — 

A-^il  =  A(n) 
where  fl  stands  for  ---  . 

AlsoQ  =  p$?     andZ  =  l.f.      »=-!/«       P  =  ^.'-^ 
dp  P     dp  p    dz  p     at 

In  the  case  of  the  linear  oscillator  or  doublet.  Hertz  therefore 
found  that  if  we  take — 

n  =  m^^.—--~^ 

r 

we  have  a  function  which  satisfies  the  conditions  of  the  problem,  and 
it  follows  at  once  that — 

Q  =  E/m|cos  {inr  -  nf) ^    ^ |sm-*  $ 

At  large  distances  the  second  term  in  the  bracket  may  be  neglected, 
and  we  may  write — 

Q  =  Ehn  cos  (mr  —  nt)  sin^  $ 

Hence  we  have  by  differentiation — 

P  =  AE///m  sin  {mr  —  ni)  sin  - 

Z  =  -  Blni'  sin  {mr  -  nf)  sin-  ^      )     .     .     .     (27) 

R  =  £////'•*  sin  {mr  —  n()  sin  $  cos 


r 
0\ 


These  equations  give  us  the  electric  and  magnetic  force  at  points 
in  space  not  very  near  the  oscillator.  It  is  seen  that  they  then  vary 
inversely  as  the  distance. 

We  see,  therefore,  that  Z  cos  tf  +  R  sin  ^  =  0.  In  other  words,  at 
great  distances  the  electric  force  is  everywhere  perpendicular  to  the 
radius  vector.  Also,  the  magnetic  force  is  perpendicular  to  the  radius 
vector  and  to  the  electric  force.  The  electric  force  then  reduces  to  Z, 
and  the  magnetic  force  to  P. 

Hertz  then  proceeded  to  draw  a  series  of  diagrams  representing 
the  distribution  of  the  electric  force,  that  is,  the  lines  of  electric  force 
round  such  an  oscillator  or  doublet  when  in  action.     He  considered 
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four  stages  separated  in  point  of  time  by  one-eighth  part  of  a  complete 

T 
period  T,  or  to  5  and  dehneated,  the  electric  field  at  moments  corre- 

T     T    37' 
sponding  to  0,   5,    -r^     ^,  starting  from  the  time  when  the  current  in 

the  oscillator  was  a  maximum.^^  These  diagrams  are  not  reproduced 
here,  but  they  are  very  similar  to  those  given  in  Figs.  1,  2,  3,  4, 
Plate  VI.  (see  end  of  this  chapter),  which  are  taken  from  a  paper  by 
Dr.  R  Hack.  Hertz's  diagrams  are  given  in  the  English  translation 
of  his  papers  by  D.  E.  Jones,  entitled  "  Electric  Waves,"  pp.  144,  146 
(Macmillan  and  Co.). 

In  Pig.  1,  Plate  VI.,  we  see  the  oscillator  is  not  a  source  of  lines 
of  electric  force.  The  current  in  it  is  at  its  maximum  value  at  that 
moment,  and  there  are  no  electric  charges  at  the  ends  of  the  rods. 

In  Figs.  2  and  3  we  see  the  lines  of  electric  force  increasing  as 
the  charges  accumulate,  and  the  fourth  diagram  (Fig.  4)  shows  us 
the  state  of  affairs  as  the  discharge  is  beginning  to  tdce  place.  The 
lines  of  electric  strain  are  bending  inwards,  and  in  one  place  a  line 
has  already  crossed,  or  decussated,  and  formed  a  little  detached  loop 
or  circle  of  electric  strain.  As  this  process  continues,  the  result  is  to 
detach  or  throw  off  closed  loops  of  electric  strain  which  are  represented 
by  the  closed  lines  lying  outside  a  certain  boundary  line.  This 
boundary  is  the  region  within  which  the  hues  of  strain  are,  as  it  were, 
giving  birth  to  the  closed  loops,  and  it  is  only  outside  this  area  that 
we  have  electric  radiation  in  the  complete  sense.  Then,  in  addition  to 
these  hues  of  strain,  we  have  to  imagine  other  closed  hnes  of  magnetic 
flux  which  lie  in  planes  perpendicular  to  the  paper,  and  have  their 
centres  on  the  two  axes  or  axis  of  the  oscillator. 

The  result  of  the  operations  is  then  to  detach  from  the  oscillator  a 
successive  series  of  closed  hnes  of  electric  strain,  the  strain  being 
oppositely  directed  round  successive  loops.  As  these  move  outwards 
they  are  accompanied  by  expanding  rings  of  magnetic  flux  in  planes 
at  right  angles,  and  at  a  distance  from  the  oscillator  we  have  a 
spherical  wave  of  electric  radiation,  the  electric  force  everywhere 
being  tangential  to  the  surface,  directed,  so  to  speak,  along  hnes  of 
latitude  and  magnetic  flux  directed  along  lines  of  longitude  if  we 
suppose  the  z  axis  to  be  the  axis  of  rotation  of  the  earth.  The  mag- 
netic flux  and  electric  strain  are  periodic,  or  fluctuate  harmonically 
in  space  and  in  time,  but  the  magnetic  flux  is  a  maximum  when  the 
electric  force  is  zero,  and  lice  rersd.  The  energy  is  propagated  out- 
wards along  radial  lines,  and  therefore  in  a  direction  at  right  angles 
to  the  hnes  of  electric  and  magnetic  force. 

At  very  great  distances  the  spherical  wave  becomes  practically  a 
plane  wave.     The  electric  and  magnetic  forces  are  at  right  angles  to 

^*  In  interpreting  Hertz's  diagrams,  it  must  be  remembered  that  his  T  is  our 

T  \ 

-  and  his  A  is  our  ^.    In  the  diagrams  as  drawn  by  Hertz  the  A  and   T  have 

the  signification  of  a  complete  wave  length  and  complete  period.  In  Hertz's 
diagrams  the  lines  of  electric  force  are  not  continued  right  up  to  the  oscillator, 
because  the  equations  by  which  he  determines  their  form  are  not  valid  at  places 
very  near  the  osciUator,  but  only  at  and  beyond  a  certain  distance,  which  is  rather 
more  than  a  quarter  wave  length. 
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each  other,  and  in  the  plane  of  the  wave.  Along  the  line  at  right  angles 
to  the  axis  of  the  oscillator,  the  electric  force  is  parallel  to  the  axis  of 
the  oscillator,  and  the  magnetic  force  is  at  right  angles  to  it.  The 
energy  is  transmitted  at  right  angles  to  the  electric  and  magnetic  forces. 
The  reader  should  particularly  notice  that  Hertz's  assumption  as 
to  the  form  of  the  function  which  he  takes  for  the  value  of  11,  viz. — 

r 

is  equivalent  to  assuming  that  the  electric  oscillations  in  the  radiator 
are  persistent  or  nndamped,  in  other  words,  are  continuously  main- 
tained. We  know,  however,  from  Bjerknes'  researches  that  this  is 
very  far  from  being  the  case,  and  that  the  oscillations  of  such  a 
radiator  are  highly  damped. 

Accordingly,  various  investigators  have  considered  the  modifi- 
cation of  the  form  of  the  magnetic  and  electric  force  lines  when  a 
train  of  highly  damped  oscillations  is  emitted.  The  effect  of  the 
damping  has  been  considered  in  a  very  important  memoir  .by  Pro- 
fessor K.  Pearson  and  Miss  A.  Lee." 

Assuming  that  IT  is  a  function  of  the  form.  —  €~K*  •" '^'*),     Sin 

q{t  —  Ar),  Professor  Pearson  and  Miss  Lee  have  discussed  the  whole 
question  afresh  in  their  above-mentioned  paper,  and  draw  the  following 
general  conclusions  from  their  analysis : — 

(I.)  The  eifect  of  damping  makes  itself  very  sensible  in  modifying 
the  form  of  the  wave  surface  as  propagated  into  space  from  a  theo- 
retical oscillator.  The  typical  Hertzian  wave  diagrams  require  to  be 
replaced  by  the  fuller  series  shown  in  Plates  II.,  III.,  IV.,  and  V.  at 
the  end  of  this  chapter. 

(II.)  Three  waves  of  electromagnetic  force  may  be  considered  as 
sent  out  from  the  oscillator,  and  these  waves  are  capable  of  physical 
identification. 

(i.)  A  component  wave  of  transverse  electric  force. 

(ii.)  A  component  wave  of  electric  force  parallel  to  the  axis. 

(iii.)  A  wave  of  magnetic  force. 

The  waves  of  magnetic  force  and  of  component  axial  electric  force 
both*  move  outwards  with  the  same  velocity  at  all  points,  and  this 
velocity  is  identical  for  all  points  at  the  same  distance  from  the 
oscillator.  The  intensity  of  the  first  force  for  points  on  the  same 
sphere  varies  as  the  cosine  of  the  latitude,  but  that  of  the  second 
force  is  constant.  The  wave  of  component  transverse  electric  force 
moves  outwards  with  equal  velocity  for  all  points  at  the  same  distance 
from  the  oscillator,  and  its  amplitude  varies  as  the  cosine  of  the  lati- 
tude. Its  velocity  after  it  has  reached  a  certain  distance  from  the 
origin  is  always  greater  than  that  of  the  waves  of  component  axial 
electric  force  and  of  magnetic  force,  and  its  excess  over  the  velocity 
of  light  tends  to  become  three  times  the  excess  of  the  velocity  of  the 
wave  of  magnetic  force  over  the  velocity  of  hght. 

*•  See  Prof.  Karl  Pearson,  F.R.S.,  and  Miss  Alice  Lee,  "  On  the  Vibrations  in 
the  Field  round  a  Theoretical  Hertzian  Oscillator,"  Phil.  Trans.  Boy.  Soc.y  1900, 
vol.  193,  A,  p.  169, 
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(III.)  The  velocities  of  these  waves  undergo  remarkable  changes  in 
the  neighbourhood  of  the  oscillator,  even  within  such  distances  as 
Hertz  employed. 

(IV.)  The  point  of  zero  phase  for  both  transverse  and  axial  com- 
ponent electric  waves  does  not  coincide  with  the  centre  of  the 
oscillator,  so  that  these  waves  appear  to  start  from  a  sphere  of  small 
but  finite  radius  round  the  oscillator.  A  fourth  wave,  dealt  with  by 
Hertz,  the  wave  of  magnetic  induction,  does  not,  as  he  supposes, 
start  from  the  centre  of  the  oscillator  with  zero  phase,  but  in  the 
case  of  a  damped  wave  train  with  a  small  but  finite  phase. 

(V.)  The  analysis  of  these  waves  and  of  their  singular  points  in 
the  neighbourhood  of  the  oscillator  appears  to  add  something  to 
Hertz's  discussion;  it  is  possible  that  it  may  throw  light  on  the 
difficulties  which  arise  in  connection  with  some  of  his  interference 
experiments.  It  seems  that  all  interference  experiments  ought  to 
be  made  at  distances  greater  than  6  to  7  from  the  centre  of  the 
oscillator,  roughly  about  a  wave  length  from  the  oscillator,  whereas 
Hertz  rather  terminated  than  started  his  experiments  at  this  distance. 
At  such  distances  the  phase  curves  are  approximately  parallel  to  their 
asymptotes.  To  exhibit  the  form  of  the  electric  strain  lines  at  various 
epochs  thrown  off  from  a  damped  linear  oscillator.  Professor  Pearson 
and  Miss  Lee  delineated  a  series  of  56  diagrams  (see  Plates  II.,  III., 
IV.,  and  v.),  covering  a  period  of  time  equal  to  seven  complete  periods 
of  the  oscillator.     The  oscillator  was  assumed  to  be  a  small  linear 

oscillator  of  such  moment  that  the  quantity  ^  y,  had  values  50,  30, 10, 

1,  —1,  —10,  —30,  —50.  In  the  diagrams  the  oscillator  is  represented 
by  the  small  dumb-bell  within  the  inmost  circle.  The  fine  continuous 
curves  correspond  to  the  intensity  ±  50,  the  fine  dotted  curves  to  the 
intensity  ±30,  the  heavy  continuous  curves  to  the  intensity  ±10, 
and  the  heavy  dotted  curves  to  ±1.  The  outermost  circle  is  the 
boundary  of  the  field  explored,  and  the  small  inner  circle  surrounds 
the  space  within  which  it  is  not  legitimate  to  consider  the  oscillator 
a  double  point.  These  curves  show  us  the  distribution  on  one 
meridional  plane  of  the  strain  lines  at  various  epochs.  These 
diagrams  of  Professor  Pearson  and  Miss  Lee  are  very  instructive.  They 
show  us  the  whole  process  of  creating  an  electric  wave.  If  the 
diagrams  are  cut  out  and  placed  round  a  zoetrope,  or  "  wheel  of 'life," 
the  operation  of  a  linear  oscillator  can  be  made  visible  to  the  eye. 
If  reproduced  on  a  film  for  a  kinematograph  they  provide  the  means 
of  showing  an  electric  oscillator  at  work  generating  electric  radiation. 
In  this  paper  it  is  assumed  that  the  epoch  from  which  the  time 
is  measured  is  that  at  which  the  vibrations  begin,  so  that  the  field 

considered  is  confined  within  the  sphere  of  which  the  radius  is  ^' 

where  A  is  the  reciprocal  of  the  radiation  velocity. 

Professor  A.  E.  H.  Love  has  pointed  out  in  another  interesting 
paper  on  this  subject,  that  the  front  of  the  advancing  wave  is  a 
surface  of  discontinuity  in  regard  to  the  electric  and  magnetic  forces.^* 

"  See  A.  E.  H.  Love,  "  The  Advancing  Front  of  the  Train  of  Waves  emitted  by 
a  Theoretical  Hertzian  Oscillator,"  Proc.  Roy.  Soc.  Lond.,  1904,  vol.  74,  p.  73. 
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Within  this  surface  the  forces  are  expressed  by  the  formulae  given 
by  Hertz,  which  may  be  generalized  in  the  following  form — 

A^^(X,  Y,  Z)  =  curl  (F,  G,  H) 

)   .     .     .     (28) 
-.Aj(F,G,H)  =  curl(X,Y,Z) 

The  only  difference  between  these  formulas  and  those  given  by 
Hertz  is  that  Hertz  used  a  left-handed  system  of  axes  r,  y,  and  z ; 
and  it  is  more  convenient  to  employ  the  normal  or  right-handed 
system. 

To  adapt  the  analysis  to  the  case  of  damped  oscillations,  Love, 
following  Pearson  and  Lee,  takes  as  the  expression  for  Hertz's  quan- 
tity n  the  expression — 


n  =  5c-^"'-)8in^(„/-r-^) 


(29) 


where  C  is  a  constant  which  determines  the  amplitude,  S  is  the  loga- 
rithmic decrement  of  the  oscillations  per  complete  period,  u  is  the 
velocity  of  radiation  and  ^  is  a  constant  expressing  the  phase. 

According  to  the  experiments  of  Bjerknes  already  quoted,  8  (for 
one  complete  period)  has  a  value  of  about  0*4  for  an  oscillator 
sending  out  waves  10  metres  in  length. 

If  we  put  S  =  0  and  ^  =  0  in  the  last  expression  for  11,  it  reduces 
to  that  used  by  Hertz. 

Love  has  delineated  {loc.  nt.)  the  form  of  the  lines  of  electric  force 
round  a  Hertz  doublet  or  ideal  dumb-bell  oscillator  in  action,  taking 
into  account  the  discontinuity  which  exists  at  the  surface  of  the  wave 
front.  These  diagrams  (see  Plate  V.)  are  modifications  of  those  given 
by  Pearson  and  Lee.  In  these  diagrams  four  lines  of  electric  force 
are  drawn  for  different  epochs,  which  are  respectively  denoted  by 
heavy  firm,  heavy  dotted,  light  firm,  and  light  dotted  lines. 

The  diagrams  given  in  Figs.  4-11,  Plate  V.,  represent,  according 
to  Professor  Love,  the  state  of  the  electric  field  within  and  without 
the  wave  front  surface  at  various  epochs,  and  these,  he  says,  should 
replace  the  diagrams  4-11  given  in  Plate  II.  by  Professor  Pearson 
and  Miss  Lee.  They  have  only  been  commenced  on  the  outside  of  a 
small  sphere  drawn  round  the  oscillator.  The  lines  above  mentioned 
have  been  drawn   in  Love's  diagrams  corresponding  to  values   of 

9  F/  ^^  Hertz's  notation,  equal  respectively  to  ±001,    ±0*1,    ±0-3, 

±  0*5.  The  fine  continuous  circular  line  enclosing  the  oscillator  is 
a  surface  for  which  Q  =  0,  or  the  electric  force  has  no  radial 
component. 

These  diagrams  show  in  a  striking  manner  the  discontinuity  in 
the  direction  of  the  lines  of  electric  force  at  the  wave  front  surface 
represented  by  the  fine  continuous  circle.  Before  the  discharge 
begins  we  must  regard  the  electric  force  lines  as  stretching  out  to 
infinity    in    all    directions,    and    when    the    discharge    happens,    a 
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discontinuity  in  these  lines  flies  outwards  through  space  with  the 
velocity  of  light.  The  diagrams  show  also  the  gradual  formation 
and  detachment  from  the  oscillator  of  the  closed  loops  of  electric 
force,  and  their  enlargement  and  the  formation  of  others  within 
them.  If  we  take  a  plane  at  right  angles  to  the  plane  of  the  oscillator, 
drawn  through  its  equatorial  line,  the  form  of  the  damped  and  dis- 
continuous wave  can  be  shown  as  in  the  diagrams,  for  which  we 
must  refer  the  reader  to  Professor  Love's  paper. 

8.  Poynting's  Theorem — Dr.  J.  H.  Poynting  gave,  some  years 
ago,  an  important  theorem  concerning  the  energy  transmission 
through  the  electromagnetic  field.  *^  If  a  small  volume  is  marked 
oflf  by  a  closed  surface  in  the  field,  and  the  energy  of  electric  strain 
and  magnetic  flux  contained  in  it  be  varying,  Poynting  proved  that 
the  amount  of  energy  which  enters  each  element  of  the  surface  is 
measured  by  the  sum  of  the  products  of  the  electric  and  magnetic 
forces  resolved  along  each  element  of  the  surface,  multiplied  by  the 
sine  of  the  angle  between  their  directions  and  divided  by  \ir. 

Maxwell  had  previously  shown  that  the  energy  of  the  electro- 
magnetic field  is  made  up  of  two  parts,  due  respectively  to  the 
electric  strain  and  to  the  magnetic  flux.     The  part  due  to  the  electric 

strain  is  equal,  per  unit  of  volume,  to  g-  .  E^,  where  E  is  the  electric 

force  assumed  constant  throughout  the  unit  of  volume,  and  K  is  the 
dielectric  constant.^* 

If  we  consider  any  finite  space  throughout  which  there  is  a  dis- 
position of  electric  force,  E,  and  if  the  rectangular  components  of  that 
force  at  any  point  are  X,  Y,  and  Z,  then,  to  obtain  the  whole  electro- 
static energy  contained  in  the  given  volume,  we  have  to  find  the 
value  of  the  integral — 

^f{X'  +  Y'  +  Zyv (30) 

where  dv  is  an  element  of  volume. 

This  expression  follows  at  once  from  the  fact  that  if  D  is  a  dis- 
placement produced  by  an  electric  force,  E,  in  the  same  direction,  the 
two  being  uniform  throughout  the  space  of  a  unit  of  volume,  then 
the  energy  of  strain  per  unit  of  volume  ^{Tg)  is  equal  to  half  the 
product  of  the  force  and  the  displacement. 

But    D  =  ^E.  hence  r,  =  ^E*^ (31) 

Again,  Maxwell  shows  that  another  part  of  the  energy  of  the  field 
is  magnetic,  and  that  if  H  is  the  uniform  magnetic  force  throughout 
a  unit  of  volume,  the  magnetic  energy  (Tm)  contained  therein   is 

equal  to  rf  H^.     Hence,  to  obtain  the  magnetic  energy  contained  in 

any  finite  space,  we  have  to  find  the  value  of  the  integral — 

*•  See  Prof.  J.  H.  Poynting,  F.R.S.,  Phil.  Trans,  Roy.  Soc.,  1884,  part  ii. 
p.  348,  "  On  the  Transfer  of  Energy  in  the  Electromagnetic  Field." 
«»  See  Maxweirs  **  Electricity  and  Magnetism,*'  vol.  ii.  p.  253,  §  638. 

Z 
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^J(F  +  G-^  +  H-^>/r (32) 

>\'here  dv  is  a  unit  of  volume,  and  fi  is  the  magnetic  permeability  of 
the  material  filling  it. 

Accordingly,  in  the  asther,  where  Hertz  takes  fi  =  1  and  K  =  1, 
the  total  energy  stored  up  in  any  volume  is  the  sum  of  the  two 
energies  given  by  the  two  expressions,  viz. — 

(1)  The  electrostatic  energy  =  q^J(^'  +  Y«  +  Z'yiv    .     .    (33) 

(2)  The  magnetic  energy  =  g^/cF  +  G'^  +  K^lv    .     .     .    (34) 

Starting  from  these  expressions,  and  considering  a  reduced  case, 
we  may  follow  the  method  which  Hertz  employed  in  proving  the 
theorem  due  to  Poynting. 

Wo  take  the  fundamental  equations  connecting  the  electric  and 
magnetic  forces  in  the  electromagnetic  field,  viz. — 

l^dF  ^  ilZ  _  dY  f  ^l^  ^  dG  _  r/H 

(//        (Ij/       (I:  dt        dz        dy 

I  JG      ilX      dZ  ^     I  JY      dU      dF 

//H  ^  dY  _  dX  ^ilZ  ^  dF  _  dG 

\     ~dt         d,r        dij  \       dt         dl/         djr 

In  these  equations  X,  Y,  and  Z  represent  the  rectangular  com- 
ponents of  the  electric  force  in  electrostatic  units,  and  F,  G,  and  H 

the  rectangular  components  of  the  magnetic  force,  and  A  =  -  is  the 

It 

reciprocal  of  the  electromagnetic  velocity. 

Multiply  equations  (1)  by  F,  G,  and  H,  and  equations  (2)  by  X, 

Y,  and  Z,  respectively,  and  add  the  results.     Then  multiply  each  side 

by  an  element  of  volume  dx  .  dy  .  dz,  and  integrate,  and  we  arrive  at 

the  equation — 

=  flffjJJS.Y  -  GZyh .  ihj .  dr.  +///|(FZ  -  HX>// .  ihj .  ih 
+jjj-^X'^X  -  FY>/r .  ,h, .  (h 

=  [[(HY  -  GZyh/ .  ,h  +ff(FZ  -  HX>/rf- .  <l: 

+  jj{GX--FYyfj-.,fi,.     .     .     .     (36) 
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Let  (iS  be  an  element  of  the  surface  of  the  element  of  volume,  and 
let  I,  m,  and  n  be  its  direction  cosines.  Then,  by  a  well-known  theorem 
in  solid  geometry — 

UlS  =  dj/ ,  (Iz,      mdS  =  dx,(lf/,      m4&  =  djc,dfj     .     (37) 

This  simply  amounts  to  saying  that  the  projection  of  the  element 
of  volume  dx.dy.  dz  on  the  three  co-ordinate  planes  gives  us  three 
surfaces,  having  respectively  areas  equal  to  dy .  dz,  dx .  dz,  dx .  dz, 
respectively. 

Again,  in  order  to  interpret  the  above  equation  we  must  remind 
the  reader  of  a  simple  theorem  in  geometry  of  three  dimensions.     If 


i/' 


h:':„!v.... 


» 

nE: 

..^-  — 
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L/ 
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Fig.  17. — Diagram  illustrating  Poynting's  Theorem. 

any  plane  area  dS  is  projected  on  the  three  co-ordinate  planes,  we 
have  as  above — 

liB  =  Si,      nid^  =  S.„      nd^  =  S,, 

where  S„  Sj,  and  S.,  are  the  projections  on  the  planes  of  reference,  and 
/,  m,  and  n  the  direction  cosines  of  the  normal  to  the  surface.  If  we 
multiply  each  of  these  last  expressions  by  /,  m  and  n  respectively,  and 
remember  that  ?  +  w*-*  +  »'  =  1,  we  have  — 


rfS  =  /Si  +  //iS,  +  11% 


(38) 


Consider  now  two  lines  meeting  at  the  origin  (see  Pig.  17),  one  of 
which  represents  the  electric  force  E  in  the  field  with  its  three  axial 
components  X,  Y  and  Z,  and  the  other  one  represents  the  magnetic 
force  H  with  components  F,  G,  and  H.  Joining  the  outer  extremities 
of  lines  E  and  H,  we  have  a  triangle  OEH,  of  which  the  area  is  ^EH 
sin  <^,  where  <^  is  the  angle  between  the  lines  OPj,  OH.  If  we  project 
this  triangle  on  the  three  co-ordinate  planes,  it  is  not  difficult  to  show 
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that  on  the  yz  plane  this  projected  area  OE'H'  is  equal  to  the  difference 
between  a  triangle  whose  area  is  iGH,  and  the  sum  of  two  other 
areas  ^G  +  y)(H  —  Z)  and  -^YZ.  Hence  the  area  of  the  projection 
of  ^EH  sin  <^  on  the  yz  plane  is  |YZ  +  i(G  +  Y)(H  -  Z)  -  ^GH 
=  ^(HY  —  GZ).  In  the  same  manner  we  can  show  that  the  projec- 
tions on  the  two  other  planes  xz  and  xy  are  ^(FZ  —  HX)  and  KGX  —  FY). 
Hence,  by  the  theorem  just  mentioned,  we  have — 

EH  sin  </>  =  (HY  -  GZ)Z  +  (FZ  -  HX)//i  +  (GX  -  FY)n    (39) 

where  /,  m,  and  n  are  the  direction  cosines  of  the  normal  to  the 
triangle  OEH.  Eeturning  then  to  the  equation  (36),  we  can  write  it 
in  the  following  form.     Since — 

and    X'^j  +  Y'^l  +  Zlf  =l|xX"  +  Y''  +  Z0=4iE0      (41) 
at  at  at         at  at 

we  can  write  the  left-hand  side  of  (36)  in  the  form  ^ — 

where  dv  is  an  element  of  volume,  and  by  the  theorems  just  stated 
the  right-hand  side  of  (36)  can  be  written — 


[f(EH  sin  <^)rfS 


where  (^S  is  an  element  of  surface  and  E  and  H  are  the  electric  and 
magnetic  forces  resolved  along  it.     Hence,  dividing  47rA,  we  have — 

The  interpretation  of  the  above  equation  is  as  follows:  It  tells 
us  that  the  rate  at  which  the  total  electromagnetic  energy  in  any 
space  is  changing  with  time  is  measured  by  the  sum  or  integral  of 
the  products  of  the  electric  and  magnetic  forces  resolved  along  each 
element  of  surface  of  the  volume  multiplied  by  the  sine  of  the  angle 
between  the  directions  of  these  resolved  parts,  and  divided  by  4irA. 
As,  therefore,  the  right-hand  expression  is  a  surface  integral,  it  imphes 
that  the  energy  enters  or  leaves  the  interior  of  the  space  by  passing 
inwards  or  outwards  through  the  bounding  surface. 

This  remarkable  theory  is  consistent  with  the  law  of  conservation 
of  energy,  which  asserts  that  if  the  energy  in  any  region  is  increased 
or  diminished  it  is  not  due  to  the  creation  or  annihilation  of  energy, 

22  The  factor  A,  which  is  the  reciprocal  of  «,  the  electromagnetic  velocity 
comes  in  here  because  Hertz  supposes  that  the  electric  force  is  measured  in 
electrostatic  units. 
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but  to  the  arrival  or  departure  of  energy  in  some  form  which  must 
come  in  through  the  surface. 

9.  Radiation  from  an  Oscillatop.—Hertz  applied  Poynting's 
theorem  to  calculate  the  radiation  of  energy  from  an  electric  oscillator 
or  doublet  when  in  action. 

Describe  round  the  oscillator  a  sphere  of  radius  r,  where  r  is  large 
compared  with  the  wave  length,  and  apply  Poynting's  theorem  to 
this  sphere.  Take  any  point  on  the  surface  of  this  sphere.  Then 
the  polar  co-ordinates  of  this  point  are  r  and  $,  the  angle  $  being 
measured  from  the  axis  of  the  oscillator.  At  the  point  so  defined  the 
electric  force  resolved  along  the  spherical  surface  is  Z  sin  ^  —  B  cos  B, 
and  the  magnetic  force  P  is  at  right  angles  to  this  resolved  electric 
force.  Hence  ^  =  90°.  The  energy  which  goes  out  in  a  time  dt 
through  a  zone  of  the  spherical  surface  lying  between  B  and  B  +  dB'i^ 
equal  to  — 

dt .  27r?- .  sin  ^ .  rdB{Z  sin  (9  -  R  cos  ^)P  j--t 

If  we  substitute  for  Z,  R,  and  P  the  values  given  in  §  7,  p.  332, 
equation  27,  viz. — 

Z  =  — sm  (mr  -  nt)  sm  B 

r 


R  =     '"-  sin  {inr  —  nt)  sin  B  cos  B 
P  =r  sm  {mr  —  nt)  sin  B 


■     •     ■     (42) 


We  have  for  the  energy  going  out  in  a  time  dt  through  the  zone 
bounded  by  B  and  B  +  dB  the  expression — 

^-^^^^  sin' (mr''nt)siir'B dBdt .     .     .     .     (43) 

Hence  the  whole  energy  escaping  through  the  whole  sphere  per 
half  period  is  obtained  by  taking  the  integral  of  the  above  quantity 
between  the  limits  0  and  ir,  and  0  and  T,  The  reader  should  again 
note  that  Hertz  uses  the  symbol  T  for  the  half  period,  and  X,  therefore, 
for  the  half  wave  length. 

The  integral  - 

/  sin''  BdB=  f  sin  B  dB  -  [  cos^  B  sin  B  dB  =  J  cos"  B-cosB 
Hence  we  have     /    sin''  BdB  =  ^ 

Also     I  sin'-*  (mr  -  nt)dt  =  f'|  "Ih^^  ^<^"''"  ~  ^^>'^ 

__  /    ,  1  sin  2(mr  —  nt) 
"  2  "^  2  "        2m" 


342  ELECTROMAGNETIC    WAVES 

Now,    7ii\  =  nT.      Hence    (mr  —  nT)  =  m(r  —  X),   and    since    hy 
supposition  r  is  large  compared  with  X,  we  have  {mr  -^  nT)  =  ntr. 


cr 
Tlierefore      /     sin-  (////•  —  ntyU  = 
J  o 


Collecting  these  results,  we  find  that  the  whole  energy  sent  out 
through  the  sphei-e  per  half  period  is  given  by — 

^WrWnT  _  BHWnT 
12  3 

IT 

But    ink  ^  nT  and  vt  =  j- 

Therefore  the  whole  energy  sent  out  per  half  period  is  given  by 
the  expression — 

3? (^^) 

If,  however,  we  remember  that  Hertz  uses  A  for  the  half  wave 
lengthy  we  may  change  the  formula  into  our  usual  notation  by  writing 

Q  instead  of  A,  and  we  then  have — 

r//^  energtf  -^nt  out  hy  the  oscillato7'\  _  8E^/V* 

jH'r  half  jm'iod  )  gX^ ^^ 

or 

The  energy  sent  out  hy  the  oseillafor\  _  16E^/V  ^ 

per  complete  peiiod  I  SA* ^  ^ 

where  X  has  the  ordinary  signification  of  the  complete  wave  length. 

This  is  the  formula  (30)  we  have  used  in  §  8  of  Chap.  III.  We 
shall  now  apply  this  result  to  calculate  the  energy  sent  out  per  half 
period  by  the  Hertz  oscillator,  described  in  §  8  of  Chap.  III.  We 
have  there  seen  that  an  oscillator  described  by  Hertz  was  of  such 
dimensions  that  each  half  had  with  reference  to  the  other  a  capacity 
of  10  cms.  Also,  he  employed  a  spark  gap  1  cm.  in  length,  which 
corresponds  to  a  spark  potential  of  30,000  volts,  or  100  C.G.S. 
electrostatic  units.  Hence  the  charge  E  on  each  half  of  the 
oscillator  was  1000  electrostatic  units.  The  length  /  was  100  cms,, 
and  the  wave  length  X  was  480  cms.     Also,  ir*  =  97*4. 

Therefore  tlie  energy  sent  out  per  half  period  is — 

97-4  X  (lOOOf  x  (100)^       ..  .  _  .        .  ^ 
Sx(iH'Of            =  ^^^^  ^''^^  (nearly) 

But  the  energy  imparted  to  the  oscillator  at  starting  was  equal  to 
i  X  10  X  (100)*^  =  50,000  ergs.  Hence,  we  see  that  in  about  eight  half 
oscillations,  or  four  complete  periods,  half  the  energy  is  dissipated. 
The  frequency  of  the  oscillator  is  nearly  50  x  10*  (see  §  8,  Chap.  III., 
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p.  192).  Hence  the  half  period  occupies  10 -^  of  a  second,  and  the 
radiation  of  the  energy  is  3  X  10^^  ergs  per  second.  Hence,  to  main- 
tain this  radiation  continuously  would  necessitate  the  expenditure  of 
forty  horse-power.  It  will  he  seen,  therefore,  that  even  a  small 
oscillator  would  require  to  be  supplied  with  an  immense  power  to 
keep  its  electric  radiation  going  continuously. 

10.  Connection  between  the  Logarithmio  Decrement  and  the 
Radiation  of  an  Oscillator. — We  can  establish  a  connection  between 
the  expression  as  above  obtained  by  Hertz  for  the  radiation  of  energy 
per  period  from  an  oscillator  and  the  radiation  logarithmic  decrement, 
and  thus  obtain  a  means  of  predetermining  the  value  of  a  radiation 
decrement.  For  since  the  raidiation  per  complete  period  is  given  by 
the  expression — 

'^ (") 

it  follows  that  the  rate  of  radiation  of  energy,  which  we  may 
denote  by    , .  ,  is  given  by — 

ilW  _  167r*E«r^ 
fh   "     3XT ^^^ 

But  the  original  energy  of  the  oscillator  W  is  equal  to  ^p,  where 

C  is  the  capacity  of  one  half  of  the  oscillator  with  respect  to  the 

other  half.     If  we  consider  the  oscillator  as  consisting  of  two  spheres, 

each  of  radius  B,  and  neglect  the  capacity  of  the  short  rods  between 

the  spheres  and  the  spark  balls,  then  the  capacity  of  each  sphere  is 

equal  to  E  electrostatic  units,  and  the  capacity  of  one  half  of  the 

R  R 

oscillator  with  respect   to  the   other    is     ^'      Hence    C  =  j^,  and 

W  =  ^.     Therefore— 

(m       16Tr*/=^RW 


It  3X'T ^^^^ 


or     W"=      3X^  ~'^' ^^^^ 

Accordingly     W  =  c*"'*'  Wo (51) 

where  Wq  is  the  original  charge  of  energy,  and  — 

*.^^f" w 

u  being  the  velocity  of  radiation,  and  uT  =  \.     Therefore  the  time  / 
in  which  the  energy  of  the  oscillator  falls  to  -  of  its  original  value  is 
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given  by  /  =  J,  and  the  time  in  which  the  amplitude  of  the  oscillations 

1  2 

falls  to  -  of  the  original  amplitude  is  given  by  /  =  r. 

If  we  then  define  the  logarithmic  decrement,  as  we  have  done,  to 
be  the  logarithm  of  the  ratio  of  two  successive  oscillations  in  opposite 
directions  or  separated  by  half  a  complete  period,  and  if  we  call  Ij  and 
I„  the  first  and  the  mth  oscillations  respectively,  we  have — 

/„.  =  /,€-(«-!)» 

and  hence    /!!.  =  Ji'e-^^^" 

where  8  is  the  log.  dec.  bo  defined. 

The  enei^  of  an  oscillation  varies  as  the  square  of  the  amplitude, 

and  accordingly  the  time  t  in  which  the  energy  falls  to  -  of  its  initial 

value  is  such  that — 

T 


2m  -1=8,  but  (w  -  1)2  =  / 

mu      t  T       1        ^       hT 

Therefore    ^s  =  r  or  8  =  v 
48      h  4 

But  we  have  found  (see  equation  52)  that — 
,       16w*PBm 

Hence    8=^ (53) 

or   S^iejjc (3,^ 

where  C  is  the  capacity  of  one  part  of  the  oscillator  with  respect  to 
the  other. 

This  last  expression  gives  us  a  value  for  the  i-adiation  decrement 
Sr  in  terms  of  the  quantities  /,  C,  and  A.     The  time  t  in  which  the 

amplitude  of  the  oscillation  falls  to  -  of  its  original  is  twice  that  in 

c 

which  the  energy  falls  to  -  of  its  original  value,  and  is  therefore  equal 

€ 

2  T 

to  J  or  to  pj.     Hence  the  time  t  in  which  the  amplifude  of  the  oscilla- 
tions falls  to  -  of  its  original  value  is  given  by — 
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28~327r*rc"-167r^™^       ....     (00) 

since  C  =  - . 

2 

Thus  in  the  case  of  the  Hertz  oscillator  already  mentioned, 
consisting  of  two  spheres,  each  15  cms.  radius,  placed  at  the  ends  of 
a  rod  100  cms.  in  length  with  spark  gap  in  the  centre.  Hertz  found 
by  experiment  that  this  radiator  emitted  a  wave  having  a  wave  length 
of  560  cms.     Hence  A.  =  560  cms.,  and — 

6x(56oyxr       ^^.^y  ^5^^ 


16  X  97-4  X  (100)2  X  15 


For  an  oscillator  of  nearly  equal  size,  Bjerknes  found  experimentally 
r  =  3-8r. 

11.  Radiation  of  Eleotromagnetio  WaYes  from  a  Marconi 
Eartlied  Oscillator. — G.  Marconi  made  a  remarkable  improvement  in 
the  practical  means  for  the  production  of  electric  waves  by  his  inven- 
tion of  the  earthed  vertical  oscillator  (see  Chap.  VII.).  Although 
Hertz  had  employed  oscillators  as  above  described,  both  in  horizontal 
and  vertical  positions,  it  had  not  occurred  to  any  one  before  the  time 
when  Marconi  began  to  experiment  on  this  subject  to  bury  a  Hertz 
radiator  partly  in  the  earth  with  its  axis  vertical. 

Marconi  did  that  which  was  equivalent  to  this  when  he  connected 
an  insulated  elevated  cyUnder  or  plate  suspended  in  the  air  by  a  wire, 
with  one  spark  ball  attached  to  the  secondary  circuit  of  an  induction 
coil,  and  connected  the  other  spark  ball  to  a  plate  buried  in  the  earth. 
On  bringing  the  spark  balls  near  together  and  starting  the  coil  in 
action,  we  set  in  operation  an  oscillator,  one  half  of  which  is  buried 
in  the  earth.  This  was  by  no  means  an  obvious  thing  to  do.  It  had 
not  occurred  to  Hertz,  or  any  other  investigator,  that  the  result  of 
this  arrangement  would  be  to  create  a'different  type  of  electric  wave 
to  that  generated  if  the  oscillator  were  totally  insulated.  The  novelty 
of  such  a  suggestion  is  to  be  measured  rather  by  its  non-obviousness 
to  experts  than  by  the  simplicity  of  the  device  in  itself,  and  its  value 
is  proved  by  its  utility. 

Even  after  years  of  experience  of  the  importance  of  this  improve- 
ment, we  are  far  from  having  ascertained  fully  why  it  is  such  an 
improvement,  and  wherein  its  action  differs  from  a  complete  oscillator 
perfectly  insulated  in  the  air.  If  a  vertical  insulated  wire  represented 
by  the  thick  black  line  in  Fig.  18  has  its  lower  end  connected  to  one 
secondary  spark  ball  of  an  induction  coil,  the  other  being  connected 
to  an  earth  plate,  E,  we  have  an  arrangement  called  an  antenna,  or 
aerial  wire. 

Since  the  earth  is  everywhere  at  zero  potential,  we  may  consider 
the  insulated  aerial  wire  to  form  with  the  earth,  and  the  space  in 
between,  a  condenser.  The  aerial  wire  has  a  certain  capacity  with 
respect  to  the  earth.  Hence,  when  the  aerial  is  charged  with  electricity, 
there  must  be  hues  of  electric  strain  stretching  from  it  to  the  earth, 
in  all  directions  around  it  symmetrically,  as  shown  roughly  in  Fig.  18. 
If  we  now  consider  the  aerial  to  be  suddenly  discharged  across  the 
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spark  gap,  we  may,  in  accordance  with  principles  already  explained, 
consider  that  the  ends  of  the  lines  of  strain  terminating  on  the  aerial 
l)egin  to  run  down  it.  If  this  discharge  can  take  place  sufficiently 
quickly,  that  is,  if  the  aerial  has  a  sufficiently  small  resistance  and 
inductance,  the  inertia  quality  of  the  dielectric  will  come  into  play, 
and,  as  explained  in  connection  with  the  Hertz  oscillator,  loops  of 
electric  strain  will  be  thrown  off.  In  the  case,  however,  of  the 
Marconi  aerial,  these  loops  must  be  semi-loops,  with  their  feet  or 
ends  resting  on  the  earth.  As  each  loop  is  formed  it  is  pushed  out- 
wards by  others,  and  the  process  may  be  diagrammatically  indicated 
as  in  Figs.  19  and  20.  Accompanying  this  outward  movement  of  the 
lines  of  electric  strain,  there  will  be  an  expansion  of  circular  lines  of 
magnetic  flux  in  circles  with  their  planes  parallel  to  the  earth  and 
centres  in  the  aerial  curve.   These  lines  of  flux  are  alternately  directed 
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Fio.  18.— Bough  Bepresentation  of  Lines  of  Electric  Strain  round  a  Simple 
Marconi  Antenna  before  Spark  Discharge. 

in  a  right-handed  and  left-handed  direction,  as  seen  from  above.  If 
we  can  imagine  a  being  endowed  with  a  kind  of  vision  enabling  him 
to  see  the  lines  of  electric  strain  and  magnetic  flux  in  space,  he, 
standing  at  any  spot  on  the  earth's  surface,  would  see,  when  the 
radiator  was  in  action,  bunches  or  groups  of  lines  of  electric  strain 
fly  past.  Near  the  earth's  surface  these  strain  lines  would  be  vertical. 
Alternate  groups  of  lines  of  strain  would  be  oppositely  directed,  and 
the  spectator  would  also  see  groups  of  lines  of  magnetic  flux  fly  past, 
directed  in  a  horizontal  direction,  or  parallel  to  the  earth's  suriace. 
These  strain  and  flux  lines  w^ould  move  with  the  velocity  of  Ught, 
and  the  distance  between  two  successive  maxima  of  electric  strain 
directed  in  the  same  direction  would  be  the  wave  length  of  the  wave. 
It  will  be  seen,  therefore,  that  the  process  is  one  which  necessitates 
a  perfectly  free  movement  of  electricity  into  and  out  of  the  earth  at 
the  base  of  the  aerial,  and  experience  shows  that  a  '*  good  earth,"  that 
is,  a  good  low^  resistance  and  low  inductance  connection  between  the 
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earth  and  the  lower  spark  ball  is  absolutely  essential.  Also,  it  has 
been  found  that  a  good  conducting  earth  surface  generally  is  required. 
Hence  the  production  of  this  type  of  electric  radiation  is  more  easily 
effected  on  or  over  sea  surface  or  damp  soil,  than  over  dry  or  badly 
conducting  land.  In  fact,  in  dry  weather  an  immediate  improvement 
can  be  noticed  when  a  heavy  rainfall  succeeds  a  long  drought.     This 
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Fio.  19.— Diagrammatic  Representation  of  the  Detachment  of  Semi-loops  of 
Electric  Strain  from  a  Simple  Marconi  Antenna  or  Rod  Oscillator. 

is  to  be  accounted  for  by  the  fact  that  the  movement  of  the  ends  of 
the  lines  of  electric  strain  along  the  earth  in  a  direction  normal  to 
their  surface  is  only  possible  when  this  surface  is  a  fairly  good  con- 
ductor. If  we  regard  the  process  from  the  point  of  view  of  the 
electronic  theory  of  electricity,  we  must  think  of  these  ends  of  the 
loops  of  electric  strain  as  terminating  on  electrons,  and  the  semi-loop 
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Fig.  20.— Diagram  illustrating  the  Meaning  of  the  Term  Wave  Length  in  Con- 
nection with  the  Electric  Radiation  from  a  Rod  Oscillator. 

as  only  capable  of  movement  if   a  free  atom-to-atom  exchange  of 
electrons  can  take  place,  which  only  happens  in  good  conductoi-s. 

If  we  imagine  a  Hei-tz  oscillator,  consisting  of  a  rod  severed  in 
the  middle  and  having  at  that  point  a  spark  gap,  to  be  bisected  by  a 
plane,  so  that  the  rods  are  perpendicular  to  the  plane,  then,  since  the 
electric  force  due  to  the  oscillator  is  everywhere  perpendicular  to  this 
median  plane,  we  can  make  this  plane  conducting  without  affecting 
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the  distribution  of  the  force  on  either  side.  The  force  systems  on  the 
two  sides  are  then  independent.  We  may  consider  this  plane  con- 
ducting sheet  to  be  at  zero  potential,  and  we  may  imagine  the  force 
system  on  one  side  suppressed ;  still  the  distribution  of  electric  force 
on  the  other  side  will  not  be  affected. 

We  thus  arrive  at  the  conclusion  that  if  a  vertical  rod  is  set  up 
in  the  air,  and  at  its  lower  end  there  is  a  spark  ball  in  apposition  to 
another  spark  ball  connected  to  an  earth  plate,  that  this  arrangement 
constitutes  electrically  one-half  of  a  Hertz  oscillator,  and  the  system 
jof  electric  and  magnetic  force  created  when  oscillations  are  set  up  in 
the  rod  by  charging  it  and  discharging  it  across  the  separate  gap  is 
the  same  as  that  on  one-half  of  a  Hertz  linear  oscillator. 

The  exact  function  of  the  earth  is,  however,  by  no  means  quite 
clear.  Some  have  regarded  the  earth  as  simply  forming  a  large 
capacity,  and  regarded  it  as  equivalent  simply  to  a  sheet  of  metal 
taking  the  place  of  one  of  the  rods  in  a  Hertz  linear  oscillator. 
Experience,  however,  shows  that  the  nature  of  the  earth  surface  over 
the  whole  region  covered  by  the  waves  sent  out  affects  the  result. 
Also,  as  we  shall  see  later  on,  these  Marconi  waves  are  propagated 
round  the  earth's  curved  surface  in  a  manner  which  distinguishes 
them  from  ordinary  free  electric  waves  in  space.  There  is  something 
anomalous  and  not  yet  fully  explained  in  their  power  to  travel  round 
the  terrestrial  surface. 

Another  view  which  has  been  held,  but  not  well  defined,  is  that 
the  distance  effect  in  the  case  of  such  an  earthed  oscillator  is  due  to 
electric  "  jerks  "  or  electromagnetic  impulses  which  travel  along  the 
earth's  surface,  and  not  to  the  propagation  of  a  true  electric  wave 
through  space.  There  are,  however,  many  facts  against  this  view. 
It  is  found  that  the  state  of  the  atmosphere  above  the  earth,  whether 
traversed  by  sunlight  or  in  darkness,  or  occupied  with  electrified 
clouds,  as  is  the  condition  when  thunderstorms  are  about,  exercises 
a  great  effect  upon  the  facility  of  propagation.  Also  intervening  hills, 
vegetation,  and  the  presence  of  buildings  compacted  as  in  towns, 
greatly  affects  the  ease  of  propagation  of  the  waves.  Hence  the 
effect  which  is  sent  out  from  the  aerial  cannot  be  a  mere  electrical 
jerk  or  impulse  travelling  through  the  earth  like  an  earthquake  wave, 
but  is  a  space  effect,  or  one  depending  on  operations  in  the  space  or 
atmosphere  above  the  earth. 

On  the  other  hand,  the  great  influence  which  the  state  of  the 
earth  round,  and  the  kind  of  connection  made  with  the  earth  by  the 
oscillator,  points  to  the  fact  that  the  earth  is  not  a  merely  passive 
factor  in  the  operations. 

The  view  we  here  take  is  that  the  ends  of  the  semi-loops  of 
electric  force,  which  terminate  perpendicularly  on  the  earth,  cannot 
move  along  unless  there  are  movements  of  electrons  in  the  earth 
corresponding  to  the  wave  motions  above  it.  From  the  point  of  view 
of  the  electronic  theory  of  electricity,  every  line  of  electric  force  in 
the  Aether  must  be  either  a  closed  hne  or  its  ends  must  terminate  on 
electrons  of  opposite  sign.  If  the  end  of  a  line  of  strain  abuts  on 
the  earth  and  moves,  there  must  be  atom-to-atom  exchanges  of 
electrons,  or  movements  of  electrons  in  it.  We  have  many  reasons 
for  concluding  that  the  substances  we  call  conductors  are  those  in 
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which  free  movements  of  electrons  can  take  place.  Hence  the  move- 
ment of  the  semi-loops  of  electric  force  outwards  from  an  earthed 
oscillator  or  Marconi  aerial  is  hindered  by  bad  conductivity  on  the 
surface  of  the  earth,  and  facihtated  over  the  surface  of  a  fairly  good 
electrolyte,  such  as  sea  water.  We  need  not  stop  to  discuss  the 
various  crude  theories  which  were  put  forward  in  the  early  days  of 
Marconi  telegraphy  to  explain  the  action  of  the  aerials.  Some  very 
unsound  views  were  advocated,  such  as  that  which  regarded  the 
action  as  one  of  simple  electrostatic  or  simple  electromagnetic  in- 
duction through  space.  The  principal  facts  are  in  discordance  with 
this  assumption.  We  shall  return  again  to  the  consideration  of  the 
influence  of  the  state  of  the  earth  and  of  the  atmosphere  above  it  on 
electric  wave  propagation,  in  considering  the  actual  apparatus  used 
in  wireless  telegraphy  by  electric  waves. 

12.  Theory  of  a  Rod-shaped  Oscillator.— The  theory  given  by 
Hertz  appUed  to  an  ideal  oscillator  in  which  two  equal  and  opposite 
electric  charges  were  supposed  to  reside  in  two  small  spheres  separated 
by  a  short  linear  conductor  with  a  spark  gap  in  it.  The  electric 
moment  was  taken  as  the  product  of  either  charge  and  the  length  of 
the  oscillator.  This  ideal  case,  however,  does  not  quite  correspond 
with  the  practical  case  as  exhibited  in  wireless  telegraphy.  In  this 
latter  case  we  have  as  oscillator  in  its  simplest  form  a  vertical  wire  or 
rod  having  a  spark  gap  at  its  lower  end,  and  the  lower  spark  ball 
connected  to  a  good  earth.  This,  as  we  have  seen,  may  be  regarded 
as  half  a  complete  linear  oscillator  consisting  of  two  rods  placed  in 
line  with  each  other,  their  inner  ends  provided  with  spark  balls  and 
placed  in  apposition.  We  require,  therefore,  the  theory  of  a  linear 
or  rod  oscillator.  This  has  been  given  by  several  writers,  particularly 
in  complete  form  by  M.  Abraham  '^  and  by  H.  M.  Macdonald.'" 

Abraham's  memoir  on  the  subject  is  long  and  abstruse,  and  almost 
impossible  to  abstract  adequately.  His  method  of  treatment,  however, 
is  as  follows :  To  bring  the  problem  within  the  grasp  of  analysis,  he 
considers  the  rod  to  be  an  ellipsoid  of  revolution  symmetrical  round 
its  major  axis,  the  eccentricity  of  this  ellipsoid  being  very  large.  The 
ratio  of  the  semi-minor  axis  to  the  semi-major  axis  is  therefore  a 
very  small  fraction,  the  square  of  which  may  be  neglected.  As  the 
external  effects  will  be  symmetrical  with  respect  to  the  major  axis, 
it  sufl&ces  to  consider  the  problem  as.  one  in  two  dimensions.  The 
outline  of  the  conductor  is  therefore  taken  as  an  ellipse,  and  the  half 
distance  between  the  foci  is  taken  as  the  unit  of  length.  A  system 
of  elliptical  co-ordinates  is  then  adopted  in  which  confocal  ellipses 
are  described  round  the  elliptical  conductor,  and  confocal  hyperbolas 
cut  these  ellipses  orthogonally.  The  electric  and  magnetic  forces  in 
the  space  outside  the  aerial  must  therefore  satisfy  the  equations  of 
Maxwell,  and  the  lines  of  electric  force  must  terminate  on  the  con- 
ductor normally  to  its  surface.  These  equations  are  then  written 
down  in  terms  of  the  system  of  elliptical  co-ordinates  selected. 

It  is  then  shown  that  the  free  time  period  of  oscillation  of  such  a 

^'  M.  Abraham,  "  Electrischen  SchwiDgungen  um  einen  stabformigen  Leiter 
behandelt  nach  der  Maxwell' schen  Theorie,"  Annalen  der  Physik,  1898,  vol.  66, 
p.  485. 

"  H.  M.  Macdonald,  "  Electric  Waves,"  chap.  x. 
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rod-shaped  oscillator  varies  as  the  square  root  of  the  dielectric  con- 
stant of  the  surrounding  medium,  but  that  the  logarithmic  decrement 
is  independent  of  the  nature  of  the  medium. 

It  follows  that  the  wave  length  of  the  waves  sent  out  into  the 
surrounding  medium  is  independent  of  the  dielectric  constant  of  that 
medium.  For  the  wave  length  is  the  product  of  the  velocity  and 
time  period.  Now  the  wave  velocity  varies  inversely  as  the  square 
root  of  the  dielectric  constant,  and  since  the  period  varies  directly  as  the 
same  quantity,  the  wave  length  is  constant.  Again,  Abraham  shows 
that  the  time  periods  of  geometrical  similar  oscillators  are  propor- 
tional to  their  length,  whilst  their  logarithmic  decrements  are  the  same. 

He  takes  as  the  meridia4i  section  of  his  oscillator  an  ellipse 
having  a  semi-minor  axis,  b^  and  a  semi-interfocal  distance,  1,  such 
that  V^  may  be  neglected  in  comparison  with  unity. 

The  quantity  ^  ^  ^  ,  or  ^  x  ■     ,  where  /  is  the  length  of 


MI)'  ^^-(f) 


the  wire  and  d  its  diameter,  is  then  denoted  by  e,  and  it  is  then  shown 
that  for  such  an  oscillator  the  fundamental  wave  length  is  approxi- 
mately equal  to  twice  the  length  of  the  rod,  also  that  the  damping  by 
radiation  diminishes  as  the  thickness  of  the  rod  decreases,  and,  more- 
over, that  the  damping  is  less  for  the  higher  harmonies  than  for  the 
fundamental.''^ 

Abraham  denotes  the  fundamental  frequency  n  by  unity,  and  the 
harmonies  by  7i  =  2,  n  =  3,  etc. 

He  then  shows  that  the  logarithmic  decrement  per  comjfleie  period 
(8n),  where  n  is  the  order  of  the  oscillation,  viz.  whether  fundamental 
or  higher,  is  given  by  the  expressions — 

8i  =  9-74  e  =  -^^,        K  =  6-23  e, 

4  log*  - 
r 

.             ..      c;        9-66  -f  4  loge  (n  -f  1) 
and  generally,  0„  = n  4^1 '  ^ ^^^ 

Thus,  for  instance,  if  we  consider  a  vertical  Marconi  aerial  wii-e  of 
which  the  height  is  180  feet  and  diameter  0*1  inch,  we  may  consider 
the  vertical  section  of  this  wire  as  the  meridional  section  tdhe  b,  semi- 
ellipse,  of  which  the  semi-interfocal  distance  is  2160  inches,  which  is 
the  length  of  the  wire.  The  semi-diameter  is  then  0*05  inches,  and 
the  value  of  b  or  the  semi-minor  axis  of  the  ellipse  is  then  y^Voo* 
or  nearly  O'OOOl.     Hence  we  have — 


Hence    S^  =  0243,      S.  =  0156 

**  Abraham  shows,  as  also  does  Macdonald,  that  the  length  of  the  wave  is 
rather  greater  than  twice  the  length  of  the  rod.  Macdonald  shows  it  to  be  2-6 
times  nearly.     See  H.  M.  Macdonald,  *'  Electric  Waves,"  p.  111. 
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Accordingly,  the  fundamental  decrement  per  .half  jwrM  would  be 
0122,  and  this  agrees  with  the  results  of  the  calculation  given  \n 
Chap.  Ill,  §  8/ 

A  very  interesting  paper  has  been  published  by  F.  Hack,*  which 
supplements  that  of  M,  Abraham  by  delineating  graphically  the  form 
of  the  lines  of  electric  force  round  a  linear  or  rod  oscillator. 

Hack  takes  the  expressions  derived  by  Abraham  and  applies  them 
in  the  case  of  an  infinitely  thin  rod  for  which  the  quantity  denoted 
by  e  =  0,  and  deduces  an  equation  for  the  lines  of  electric  force  due 
to  the  fundamental  oscillation  in  the  form — 

cos^/cos'<«'-^=C. 

where  x  and  y  are   the   elliptical   co-ordinates   of   a   point   in   the 
meridional  plane,  u  is  the  velocity  of  radiation,  and  Ci  is  a  constant. 

The  diagrams  in  Figs.  1  to  4,  Plate  VI.,  represent  the  form  of  the 
hues  of  electric  force  round  the  linear  oscillator  for  epochs  /  =  0, 

113 

/  =r  -,/  =  «,/  =  ^  .      In  this  case  the  fundamental  wave  length 

2n  u  2u 

Ai  =  4,  unity  representing  the  half  length  of  the  rod. 

As  in  the  case  of  the  diagrams  given  by  Hertz,  the  above  diagrams 
by  Hack  show  that  the  wave-making  process  consists  in  the  detach- 
ment of  loops  or  closed  lines  of  electric  force,  and  that  the  true  wave 
state  is  not  established  within  a  distance  equal  to  about  half  a  wave 
length. 

If  we  suppose  those  diagrams  traversed  by  a  horizontal  line,  then 
all  that  part  of  the  diagrams  above  that  horizontal  line  will  represent 
the  distribution  of  electric  force  round  a  Marconi  aerial  wire  or 
antenna  at  various  stages  during  the  oscillation. 

Hack  has  also  {loc.  cU,)  given  an  additional  very  interesting  series 
of  diagrams  showing  the  distribution  of  the  electric  force  round  the 
rod  oscillator  when  the  oscillations  are  harmonics  (see  Figs.  5  to  12, 
Plate  VI.).  Thus,  for  the  first  harmonic  (w  =  2)  the  equation  to  the 
lines  of  electric  force  is  given  by  — 

sin  irij  sin  (i//  —  w)  =  Cj 

and  Hack  gives  a  series  of  four  diagrams  showing  the  distribution  of 
the  electric  force  corresponding  to  the  times — 

1  1  3 

^  =  0»      ^  =  4,,.     ^  -  2u'      '  ■"  4w 

where  u  is  the  velocity  of  radiation. 

These  are  shown  in  Figs.  5  to  8,  Plate  VI. 

In  this  case  the  wave  length  A^  =  2,  unity  representing  the  half 
length  of  the  rod. 

Again,  for  the  second  harmonic  {n  =  3)  he  also  gives  the  elec- 
tric force  distribution.     This  case  is  important,  because  the  second 

=•  See  F.  Hack,  "Das  Elektromagiietiscbe  Feld  in  der  Umgebung  eines 
Imearen  Oszillatore,"  An7ialen  der  Fhysik,  1904,  vol.  14,  p.  539. 
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harmonic  for  the  finite  rod  is  the  first  harmonic  for  the  rod  earthed  at 
one  end,  so  that  the  case  when  the  frequency  is  three  times  that  of 
the  fundamental  is  a  practical  case  which  concerns  us  in  wireless 
telegraphy.  Hack  shows  that  the  Abraham  equations  reduce  in  this 
last  case  to  the  form — 


Svy        Sir  ^ 
— ^cos^- 


cos  ^  COS  ^iut^j')  =  C, 


4 
The  wave  length  X,  is  ^  of  the  half  length  of  the  rod. 

This  force  system  is  represented  by  the  four  diagrams  in  Figs.  9 

to  12,  Plate  VI.,  for  the  epochs  ^  =  0,  ^  =  g^,   ^  =  b*,   <  =  o"" 

It  will  be  seen  that  the  wave  production  consists  in  sending  out 
as  usual  closed  loops  of  electric  force. 

If  we  take  the  force  distribution  in  the  upper  half  of  each  diagram, 
we  have  a  representation  of  the  system  of  lines  of  electric  force  sent 
out  by  a  Marconi  aerial  when  the  oscillations  are  the  first  or  first  odd 
harmonic.  The  force  system  then  consists  partly  of  closed  loops  of 
electric  force  and  partly  of  semi-loops  of  electric  force  with  their  ends 
on  the  earth  surface.  These  semi-loops  travel  round  the  earth's 
surface  or  curvature,  but  the  closed  loops  are  shot  off  obliquely  into 
space.  It  might  be  worth  while  to  try  whether  the  use  of  an  inchned 
metal  sheet  or  screen  of  wires  so  placed  as  to  reflect  this  upward 
obhque  radiation  into  a  horizontal  position  would  not  result  in  greater 
energy  being  delivered  to  the  receiving  station. 

By  means  of  a  kinematograph  it  is  possible  to  throw  on  the 
screen  a  representation  of  the  moving  lines  of  electric  force  of 
a  Hertzian  oscillator  or  Marconi  aerial  in  operation.  In  this  case  a 
series  of  diagrams  have  to  be  prepared  similar  to  those  in  the  Figs. 
1  to  56,  Plates  II.,  III.,  IV.,  and  V.  (see  end  of  this  chapter),  only 
dehneated  for  much  closer  intervals  of  time.  The  whole  periodic 
time  must  be  divided  into  twenty  or  thirty  parts,  and  diagrams 
delineated,  representing  the  exact  state  of  the  field  of  electric  force 
for  these  instants.  When  such  a  series  of  diagrams  is  photographed 
on  a  celluloid  strip  and  sent  through  a  kinematograph  lantern,  we 
see  on  the  screen  a  "  living  picture  "  of  the  Hertzian  oscillator  or 
Marconi  aerial  in  electrical  oscillation,  and  can  witness  the  pulsation 
of  the  lines  of  electric  force,  and  the  radiation  or  throwing  off  of  the 
loops  or  semi-loops  of  electric  strain. 
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CHAPTER  VI 
DETECTION  AND  MEASUREMENT  OF  ELECTRIC   WAVES 

1.  Appliances  for  detecting  Electric  WaTes.— When  the  length 
of  electric  waves  falls  within  a  certain  limited  range,  they  are  able 
to  affect  directly  organs  of  sensation  with  which  we  are  provided. 
Thus,  if  their  wave  length  is  anything  between  0-43fi  and  0-76/jt 
(where  ft  denotes  1  micron  or  0001  of  a  millimetre)  they  affect  the 
retina  of  the  normal  human  eye  and  produce  the  sensation  of  light, 
the  wave  length  determining  the  sensation  of  colour  which  we 
experience.  This  range  of  wave  lengths  barely  covers  one  octave  of 
radiation. 

If  the  waves  are  sufficiently  strong  and  have  wave  lengths  rather 
greater  than  about  O-5/i,,  they  produce  a  sensation  of  heat  when  falling 
upon  the  skin.  It  is  not  yet  known  precisely  how  far  down  the 
gamut  of  electric  waves  this  power  extends,  but  it  is  certain  that 
when  the  waves  have  a  wave  length  of  even  a  few  millimetres  they 
excite  no  sensation  of  heat  when  falling  upon  the  human  skin.  Hence 
we  may  say  that  electric  waves  of  the  length  with  which  we  are 
chiefly  concerned  in  this  treatise  do  not  directly  affect  any  of  our 
bodily  organs.  If,  then,  we  are  to  detect  their  presence,  it  can  only 
be  in  virtue  of  some  change  or  action  which  they  piroduce  upon 
material  substances  or  some  device  or  apparatus  arranged  for  this 
purpose. 

It  seems  desirable  to  possess  a  term  or  word  which  shall  connote 
all  the  forms  of  electric  wave-detecting  device,  and  the  word  cymoscope 
has  been  suggested'  by  the  author  for  this  purpose.^ 

We  have  already  seen  that  an  electric  wave  consists  of  a  periodic 
or  cyclical  electric  displacement  which  calls  forth  a  corresponding 
magnetic  flux,  these  two  component  vectors  being  at  right  angles  to 
each  other,  and  periodic  in  space  as  well  as  time.  We  may,  there- 
fore, detect  the  .wave  presence  either  by  the  production  of  some 
physical  effect  due  to  its  electric  force  or  to  its  magnetic  force.  As 
the  wave  sweeps  through  space,  there  will  be  at  any  instant  at  any 
place  through  which  it  passes  a  momentary  or  alternating  electric 
force  succe^ed  by  a  similar  magnetic  force  at  right  angles  to  it,  the 
plane  in  which  these  lie  being  at  right  angles  to  the  direction  of 

*  Derived  from  Kv/xa,  a  wave.  The  author  is  indebted  to  his  colleague,  Pro- 
fessor Piatt,  M.A.,  Professor  of  Greek  in  University  College,  London,  for  a  sug- 
gestion as  'to  the  proper  form  of  this  word.  The  term  kumascopCf  which  he  had 
previously  himself  employed,  does  not  comply  with  the  strict  rules  of  equivalency 
when  Greek  words  are  Anglicized.  It  is  hoped,  however,  that  in  this  correct  form 
it  may  meet  with  acceptance.  The  word  cymatoscope  has  also  been  suggested, 
but  although  this  may  be  etymologically  more  correct,  the  shorter  form  will  no 
doubt  be  preferred. 
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propagation  of  the  wave.  All  wave-detecting  devices,  or  cymoscopes, 
are  accordingly  devices  for  detecting  the  momentary  existence  of  electric 
or  magnetic  force  in  space.  Any  apparatus,  therefore,  which  is  very 
sensitive  to  rapidly  reversed  electric  or  magnetic  forces  may  be 
adapted  for  use  as  a  cymoscope. 

Koughly  speaking,  we  may  classify  the  devices  that  have  been 
proposed  or  used  into  the  following  groups  : — 

1.  Spark  cymoscopes. 

2.  Contact  cymoscopes. 

3.  Thermal  cymoscopes. 

4.  Magnetic  cymoscopes. 

5.  Electrolytic  cymoscopes. 

6.  Electrodynamic  cymoscopes. 

7.  Vacuum  tube  cymoscopes. 

The  above  classification  is  not  exhaustive,  but  it  is  sufficient  for 
the  present  purposes  of  description.  It  should,  however,  be  noted 
that  in  most  cases  the  instrument  or  device  we  call  a  cymoscope  can 
only  be  used  to  detect  the  presence  of  electromagnetic  waves  in  space 
when  associated  with  a  long  collecting  wire  or  wires  called  an  arUenrui 
or  aeticU,  It  is  in  these  wires  that  the  wave  generates,  when  passing 
across  them,  an  alternating  electromotive  force  or  current,  and  the 
appliance  we  call  the  cymoscope  or  detector  in  reality  is  only  a  vBry 
sensitive  alternating  current  voltmeter  or  ammeter,  which,  inserted  in 
the  wave-collecting  wire,  detects  the  existence  of  the  wave  by  reveal- 
ing the  presence  of  this  high-frequency  electromotive  force  or  current 
in  the  wire. 

2.  Spark  Wave  Detectors  or  Cymoscopes.— If  a  pair  of  metal 
wires  or  strips  of  tinfoil  attached  to  a  glass  plate  are  placed  in  line 
with  each  other,  and  their  inner  ends  terminated  in  spark  balls  or 
sharp  points  placed  close  together,  we  have  an  appliance  which  with 
some  adjustment  will  detect  the  presence  of  strong  electric  waves. 

If  the  rods  or  strips  are  so  placed  that  when  the  electric  wave 
traverses  them  the  electric  force  is  parallel  to  the  rods,  then  these 
metal  conductors  integrate  or  add  up  the  electric  force  existing  all 
along  their  direction  at  any  one  instant,  and  the  ends  in  apposition 
are  at  a  difference  of  potential  which  depends  on  the  length  of  the 
rods  and  the  strength  of  the  waves.  As  the  rods  have  capacity  with 
respect  to  each  other,  and  also  inductance  depending  on  their  length, 
they  have  a  certain  natural  time  period  of  oscillation. 

If  this  is  adjusted  by  shortening  or  lengthening  the  rods  so  as  to 
agree  with  that  of  the  incident  wave,  then  resonance  will  come  into 
play  to  increase  the  potential  difference  between  them  when  a  wave 
train  sweeps  over  the  rods  having  the  same  time  period.  Such 
resonant  rods  may  be  made  by  making  one  or  more  tubes  fitting  tele- 
scopically  into  each  other  so  as  to  be  lengthened  or  shortened  within 
limits,  the  ends  in  apposition  being  provided  with  small  spark  balls 
capable  of  having  their  distance  from  each  other  adjusted  by  a  screw 
(see  Fig.  1). 

These  rods  of  adjustable  length  may  be  carried  on  an  insulating 
fixture.  When  held  with  the  rods  parallel  to  the  electric  force  com- 
ponent of  an  electric  wave,  minute  electric  sparks  will  make  their 
appearance  at  the  spark  balls  if  these  are  sufficiently  near  together. 
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The  arrangement  can,  however,  only  detect  the  presence  of  rela- 
tively powerful  electric  waves.  In  order  to  make  any  visible  spark  in 
air  between  balls,  however  near,  but  not  in  contact,  there  must  be  a 
certain  maximum  potential  difference,  which  for  air  at  normal  pressure 
is  not  far  from  300  volts. 

This  was  shown  particularly  by  experiments  made  in  the  Caven- 
dish Laboratory,  Cambridge,  by  Mr.  Peace.*  Professor  J.  J.  Thomson 
observes  that  in  this  respect  gases  resemble  electrolytes,  in  that  a 
certain  definite  difference  of  potential  between  the  electrodes  has  to 
be  exceeded  before  any  current  or  discharge  will  pass.  No  matter, 
therefore,  how  near  the  spark  balls  may  be  placed,  the  electric  force 
in  the  inter  space,  and  along  the  region  occupied  by  the  rods,  must 
be  such  that  there  is  a  difference  of  potential  between  the  rods  equal 
to  300  volts,  or  to  1  electrostatic  unit  of  potential  difference,  at  least 
if  a  visible  spark  is  to  occur. 

The  spark  cymoscope  can,  therefore,  never  be  a  very  sensitive 
instrument. 

Hertz's  ring  resonator  with  micrometer  spark  gap  belongs  to  the 
same  category  and  suffers  under  the  same  limitations.     In  fact,  con- 
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Fio.  1.— Sliding  Bod  Spark  Cymoscope  adjustable  as  to  Time-period. 

sidering  its  comparative  insensibility,  it  is  marvellous  that  Hei-tz  was 
able  to  accomplish  with  it  all  that  he  did. 

There  are,  however,  some  occasions  when  a  somewhat  insensitive 
wave  detector  is  needed,  and  in  these  cases  a  spark  cymoscope  is 
useful.  Since  the  spark  length  corresponds  to  the  maximum  potential 
difference  of  the  electrodes  between  which  occurs,  it  follows  that  the 
maximum  spark  length  which  can  be  obtained,  other  things  remaining 
the  same,  is  a  measure  of  the  maximum  value  of  the  wave  amplitude 
during  the  passage  of  the  wave  train. 

The  linear  spark  cymometer,  though  not  very  sensitive,  has 
accordingly  some  valuable  qualities.  We  can  by  it  determine  approxi- 
mately the  direction  of  the  electric  force  in  the  wave — in  other  words, 
its  plane  of  polarization — since  it  gives  its  maximum  indication  when 
the  rods  are  placed  parallel  to  the  direction  of  that  force.  We  can 
also  roughly  determine  comparative  maximum  wave  amplitudes,  since, 
other  things  being  equal,  the  wave  with  greatest  maximum  amplitude 
will  create  the  longest  spark. 

8.  ContapCt  Cymoscopes  op  Coherers. — The  electric  wave  detect- 
ing device,  commonly  known  as  a  coherer ^  has  been  the  subject  of 
much  research.  Many  experimentalists  in  past  years  have  noticed 
that  powdered  metals  or  conducting  substances  in  a  state  of  fine 
division,  or  mixtures  of  metallic  particles  and  other  semi- con  ducting 
substances,  were  practically  non-conductors  under  small  electromotive 

'  See  '*  Recent  Researches  in  Electricity  and  Magnetism,"  J.  J.  Thomson, 
p.  89. 
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forces  when  the  mass  was  loosely  compressed,  but  suddenly  became 
possessed  of  good  conductivity  when  a  large  electromotive  force  was 
apphed  to  it. 

Dr.  K.  E.  Guthe  traces  this  knowledge  as  far  back  as  1835,  to 
Munk  of  Bosenschoeld,  who  clearly  described  the  permanent  increase 
in  the  electric  conductivity  of  a' mixture  of  tin  filings,  carbon,  and 
other  conductors  resulting  from  the  passage  through  it  of  the  dis- 
charge of  a  Leyden  jar.' 

In  1852  the  high  resistance  of  a  mass  of  loose  metallic  powder 
was  observed  by  S.  A.  Varley,  and  it  is  said  that  four  years  later  he 
had  noticed  a  remarkable  fall  in  the  resistance  of  such  material 
during  a  thunderstorm.* 

In  a  British  Patent  Specification  (No.  165  of  1866),  C.  and  S.  A. 
Varley  desaribed  a  device  for  protecting  telegraphic  instruments  from 
lightning,  which  consisted  of  two  copper  points,  nearly  touching  each 
other,  set  in  a  small  box  filled  with  powdered  carbon.  They  say 
that  the  box  may  or  may  not  be  exhausted  of  its  air.  Also  they 
observe  that  "powdered  conducting  matter  offers  great  resistance 
to  a  current  of  moderate  tension,  Wt  offers  little  resistance  to  a 
current  of  high  tension." 

This  observation,  however,  did  not  attract  the  attention  it  deserved. 
In  1878  Professor  D.  E.  Hughes  was  engaged  on  researches  on  the 
microphone,  and  in  some  of  his  experiments  he  employed  a  tube  of 
glass,  filled  loosely  with  filings  of  zinc  and  silver,  placed  in  series 
with  a  telephone  and  a  single  voltaic  cell.'  He  appears  to  have  dis- 
covered the  important  fact  that  such  a  tube,  when  so  used,  was  sen- 
sitive to  electric  sparks  at  a  distance  as  indicated  by  its  sudden 
changes  of  conductivity.  He  subsequently  stated  that  in  these 
experiments  he  used  a  carbon-steel  microphone  which  also  proved  to 
be  very  sensitive  to  an  electric  spark.  He  showed  these  experiments 
privately  at  the  time  to  many  scientific  friends,  but  was  discouraged 
from  publishing  the  results,  and  it  was  not  until  twenty  years  after- 
wards that  he  publicly  mentioned  them.**  Meanwhile,  the  same  facts 
had  come  to  the  notice  of  other  observers.  In  Italy,  Professor  T. 
Calzecchi-Onesti  made  experiments  on  the  changes  in  electric  con- 
ductivity of  metallic  powders,  loosely  aggregated,  under  the  action 
of  various  electromotive  forces.  These  he  described  in  the  Italian 
journal,  //  Xumo  Cimento,  1884,  vol.  16,  p.  58,  and  1885,  vol.  17,  p.  35, 
also  in  the  Journal  de  Pht/si4jH/',  1886,  vol.  5,  p.  573. 

He  did  not,  however,  carry  knowledge  much  beyond  the  point  at 
which  it  was  left  by  the  brothers  Varley,  viz.  that  whereas  loosely 
compressed  metallic  filings  constitute  a  poor  electrical  conductor 
under  low  electromotive  forces,  yet  under  the  operation  of  the  high 
electromotive  forces  such  as  that  of  an  induction  coil  the  conductivity 

•  See  Paper  read  before  the  St.  Louis  International  Electrical  Congress,  1904, 
by  K.  E.  Guthe,  on  "  Coherer  Action"  ;  see  also  T}ie  Electrician,  1904,  vol.  54, 
p.  92. 

*  See  The  Electrician  (Leader),  vol.  40,  p.  86. 

*  See  D.  E.  Hughes,  Proc.  Hoy.  Soc.  Lond.,  May  9, 1878,  vol.  27,  p.  36. 

•  See  a  remarkable  letter  from  Prof.  Hughes  in  The  Electrician  of  May  5, 
1899,  vol.  48,  p.  40.  An  epitome  of  these  important  experiments  made  in  1879- 
1886  by  Hughes  is  given  in  Pahie's  "  History  of  Wireless  Telegraphy,"  p.  296. 
For  a  further  reference  to  Hughes*  work,  see  Chap.  VII.,  §  1,  of  this  treatise. 
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is  remarkably  increased.  These  observations,  moreover,  attracted  at 
the  time  no  particular  attention. 

In  1890,  Professor  E.  Branly,  of  Paris,  published  an  account  of 
a  very  extensive  series  of  observations  on  the  same  subject.  Whilst 
confirming  the  work  of  previous  observers,  he  added  much  new 
knowledge.^  He  made  the  extremely  important  and  novel  obser- 
vation that  an  electric  spark  at  a  dutanre  had  the  power  of  suddenly 
changing  the  electric  conductivity  of  loose  masses  of  powdered  con- 
ductors. In  some  cases  he  observed  that  this  change  was  an  increase 
in  conductivity,  and  in  other  cases  a  decrease.  The  majority  of 
common  metals  exhibit  the  increase  in  conductivity,  but  the  contact 
between  lead  and  peroxide  of  lead  becomes  less  conductive.  To  Pro- 
fessor Branly  belongs  the  honour  of  giving  to  science  a  new  weapon 
in  the  shape  of  a  tube  or  box  containing  metallic  filings  rather  loosely 
packed  between  metal  plugs  (see  Fig.  2). 

He  showed  that  such  a  tube  may  be  a  conductor  of  very  high 
resistance  when  the  metallic  filings  are  loosely  arranged,  but  that  if 
a  discharge  from  a  Leyden  jar 
or  other  electric  spark  was 
made  in  its  vicinity,  the  con- 
ductivity of  the  metallic  powder 
was  suddenly  increased.  He 
detected  this  change  by  con- 
necting a  galvanometer  and  ^^^'  2.-Branly  Metallic  Filings  Tube  or 
,   °    n    .°  .,,     .1  Cymoscope.    E,  tube  of  insulating  ma- 

smgle  cell  m  series  with  the        t/^i^i.  p^  p^  ^letal  plugs;  M,  metallic 
tube,  and  adjusting  the  pres-        filings  loosely  packed, 
sure  on  the  powder  until  no 

current  would  pass  through  it.  Under  the  influence  of  the  spark  at  a 
distance,  the  galvanometer  needle  then  made  a  sudden  deflection, 
showing  the  acquirement  of  conductivity  by  the  mass  of  metallic 
filings. 

Branly  also  found  that  the  same  effect  occurred  in  the  case  of 
two  sUghtly  oxidized  steel  or  copper  wires  laid  across  each  other 
with  hght  pressure.  This  loose  or  "imperfect  contact"  was  found 
by  him  to  be  extraordinarily  sensitive  to  a  distant  electric  spark, 
dropping  in  resistance  from  some  thousands  of  ohms  to  a  few  ohms, 
when  an  electric  spark  was  made  many  yards  away. 

Branly's  work  did  not,  however,  secure  the  notice  it  demanded 
until  1892,  when  Dr.  Dawson  Turner  described  Branly's  experiments 
at  a  meeting  of  the  British  Association  in  Edinburgh,  and  his  own 
additions  to  them.'' 

Dr.  Dawson  Turner's  paper  raised  a  discussion  on  the  subject, 
and  drew  from  Professor  George  Forbes  an  important  question.  He 
asked  whether  it  was  not  possible  that  Hertz  waves  might  in  a 
similar  manner  break  down  the  resistance  of  a  tube  of  loose  metallic 
filings.  This  question  showed  that  the  real  cause  of  the  phenomena 
noted  by  Branly  hiul  not  yet  been  fully  comprehended,  and  even 

'  See  E.  Branly,  Comptes  lietidus,  1890,  vol.  Ill,  p.  785;  also  1891,  vol.  112, 
p.  90;  or  La  Lumi^e  £Uctrique,  1891,  vol.  40,  pp.  301,  606;  or  The  Electrician, 
1891,  vol.  27,  pp.  221,  448. 

•  See  Dr.  Dawson  Turner,  The  Electrician,  1892,  vol.  29,  p.  482,  "  Experiments 
on  the  Electrical  liosi stance  of  Powdered  Metals." 
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then  its  importance  was  not  appreciated.  In  the  following  year  Mr. 
W.  B.  Croft  exhibited  Branly's  experiments  at  a  meeting  of  the 
Physical  Society  in  London,  and  read  a  short  paper  on  the  action 
of  electric  radiation  on  copper  filings.®  He  exhibited  a  glass  tube 
containing  copper  filings  joined  in  series  with  a  galvanometer  and  a 
battery.  When  the  filings  were  loosely  arranged  no  current  passed, 
but  immediately  an  electric  spark  was  made  by  an  electrical  machine 
at  a  little  distance,  the  galvanometer  was  deflected,  and  remained 
deflected  until  the  tube  was  tapped.  He  stated  that  he  had  tried 
different  kinds  of  metallic  filings.  Aluminium  and  copper  he  found 
equally  good,  but  iron  not  so  good,  and  with  carbon  he  obtained  no 
effect  at  all.  These  facts  themselves  had  already  been  observed  by 
Branly,  but  the  advance  appeared  to  be  a  more  definite  recognition 
of  the  cause  of  the  phenomena  to  be  electric  radiation  falling  on  the 
tube.  In  this  discussion  Professor  Minchin  distinctly  said  the  change 
was  due  to  electric  radiation,  and  not  to  the  light  of  the  spark.  He 
stated  that  he  had  found  his  impulsion  cells  to  be  rendered  sensitive 
to  light  by  an  electric  spark  140  feet  away.  Mr.  Croft  called  atten- 
tion to  the  fact  that  the  filings  tube  passed  into  a  conductive  state 
before  the  actual  spark  passed  when  the  static  electrical  machine  was 
set  in  motion. 

This  paper  was  followed  shortly  after  by  another  by  Professor 
G.  M.  Minchin,  entitled  *'  The  Action  of  Electromagnetic  Kadiation 
on  Films  containing  Metallic  Powders."^''  He  exhibited  films  of 
gelatine  and  collodion,  impregnated  with  metallic  powders.  These 
were  inserted  in  the  circuit  of  a  battery  and  galvanometer.  He  found 
that  contact  with  an  electrified  body  rendered  the  film  conductive. 
In  this  paper  Professor  Minchin  made  definite  reference  to  the 
Branly  tube,  and  says  that  "  the  waves  sent  out  from  the  spark  at 
once  render  the  column  (of  metallic  filings)  a  conductor." 

It  is  clear,  therefore,  that  at  the  end  of  1893  a  few  physicists, 
pre-eminently  Professor  Minchin,  had  clearly  recognized  that  the 
action  discovered  by  Branly  had  its  origin  in  electric  waves  sent  out 
from  the  spark. 

This  paper  of  Professor  Minchin  was  followed  by  another  from 
Professor  (now  Sir  Ohver)  Lodge,  entitled,  *'  On  the  Sudden  Acquisi- 
tion of  Conducting  Power  by  a  Series  of  Discrete  Particles."  ^^  In 
this  paper  he  alludes  to  an  observation  he  had  frequently  made  in 
connection  with  his  experiment  of  the  Syntonic  Leyden  jars,  viz. 
that  if  the  two  metal  knobs  of  the  receiver  were  very  close  together, 
a  battery  and  electric  bell  being  in  circuit,  the  occurrence  of   an 

»  See  W.  B.  Croft,  Proc.  Phys.  Soc.  Lond.y  vol.  xii.  p.  421. 

^«  See  Prof.  Minchin,  Proc.  Phys.  Soc.  Lond.,  November  24, 1893,  vol.  xli.  p. 
455.  Also  Phil.  Mag.,  January,  1894,  vol.  37,  p.  90.  A  paper  by  Prof.  Minchm 
will  also  be  found  in  The  Electrician,  November  27,  1891,  vol.  28,  p.  85,  on  the 
"  Detection  of  Electromagnetic  Disturbances  at  Great  Distances,"  in  which  he 
describes  a  form  of  cell,  consisting  of  pieces  of  tinfoil  specially  prepared,  placed 
in  methyl  alcohol,  which  generates  an  E.M.F.  when  exposed  to  light.  It  can  be 
rendered  insensitive  by  small  shocks.  When  in  this  insensitive  condition,  Prof. 
Minchin  found  that  the  cell  again  became  sensitive  to  light  by  the  action  of  an 
electric  spark  at  a  distance. 

"  See  Proc.  Phys.  Soc.  Lotid.,  1893,  vol.  xii.  p.  461.  Sec  also  Phil  Mag., 
January,  1894,  vol.  37,  p.  24. 
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electric  oscillation  in  the  circuit  caused  the  knobs  to  come  into  good 
contact  and  made  the  electric  bell  ring.  Four  years  previously,  in 
1889,  Lodge  had  noticed  that  the  passage  of  a  spark  between  two 
metal  plates  in  microphonic  or  imperfect  contact  caused  them  to 
weld  together  and  make  good  contact.  There  is,  however,  no  clear 
proof  that  at-  this  date  (1889)  Lodge  had  recognized  that  this  action 
could  be  produced  by  electric  radiation  alone. 

In  June,  1894,  Lodge  gave  a  lectiu-e  at  the  Eoyal  Institution, 
entitled  "The  Work  of  Hertz."  In  this  lecture  he  described  the 
Branly  tube,  and  showed  an  instrument  in  which  a  light  microphonic 
or  imperfect  electrical  contact  was  made  a  good  conducting  one  by 
the  impact  on  it  of  electric  waves.  He  also  employed  a  tube  loosely 
full  of  iron  borings  closed  at  the  ends  with  metallic  plugs,  and  this 
in  the  same  manner  exhibited  improved  conductivity  when  electric 
radiation  fell  upon  it.  Lodge  then  gave  the  name  coherer  to  any 
device  in  which  a  loose  or  imperfectly  conducting  contact  between 
pieces  of  metal  was  improved  in  conductivity  by  the  impact  on  it  of 
electric  radiation.  This  lecture  was  the  means  of  drawing  attention 
strongly  to  the  discoveries  of  Branly,  and  to  the  fact  that  a  new  and 


From  **  Th€  Eleetrician." 

Fig.  8. — Lodge  Coherer  or  Electric  Wave  Detector, 

highly  sensitive  means  of  detecting  electric  radiation  had  been 
evolved.  ^^ 

In  the  next  year  or  two  no  very  notable  improvement  took  place 
in  the  construction  of  the  coherer.  In  the  form  in  which  it  was  used 
by  Lodge  in  1894,  the  coherer  consisted  of  a  glass  tube  about  1  cm. 
or  less  in  diameter,  and  6  or  8  cms.  in  length,  filled  loosely  with 
coarse  filings  or  boreings  of  iron  or  other  metal  contained  between 
two  metal  plugs  (see  Fig.  3).  Brass  borings  were  tried,  and  various 
other  metals,  and  the  tube  filled  with  air,  hydrogen,  or  even  exhausted. 
Lodge  experimented  with  various  forms  of  light  contact  between 
plates  and  points,  such  as  a  steel  sewing-needle  lightly  resting  on 
an  aluminium  plate,  and  with  slightly  oxidized  steel  rods  lightly 
resting  on  each  other. 

The  appliance  in  the  above-described  forms  was  generally  found 
to  be  a  somewhat  capricious  instrument  to  use ;  in  some  conditions 
highly  sensitive  to  distant  electric  sparks,  and  then  without  apparent 
reason  becoming  far  less  sensitive.  It  had  in  general  been  found 
that  the  metals  most  suitable  were  those  which  were  slightly  but  not 

"  See  Proceedings  of  the  Royal  Institution,  1894,  vol.  xiv.  p.  321 ;  also  The 
Electrician,  1894,  vol.  88,  pp.  158,  186,  204.  Lodge  republished  his  1894  Koyal 
Institution  lecture  as  a  book,  the  first  edition  bearing  the  title,  '*  The  Work  of 
Hertz  and  Some  of  his  Successors."  A  second  edition  appeared  in  1897,  under  the 
modified  title,  "  Signalling  across  Space  without  Wires." 
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very  oxidizable.  Iron,  steel,  nickel,  copper,  or  zinc  filings  or  borings 
worked  fairly  well,  but  coherers  made  with  gold,  silver,  platinum,  or 
noble  metals  proved  more  difficult  to  handle. 

Meanwhile,  in  1894  and  1895,  G.  Marconi  began  his  work  in 
Italy,  and  turned  his  attention  to  the  improvement  of  Branly's 
coherer.  He  carefully  investigated  the  relative  advantages  of  the 
various  metals  in  regard  to  their  suitiabiHty  for  making  a  metallic 
filings  coherer,  and  he  modified  the  form  and  size  of  the  tube. 
Whereas  others  had  used  rather  large  tubes,  filled  with  somewhat 
coarse  filings  or  borings,  he  adopted  a  much  smaller  size  of  glass 
tube"  (see  Fig.  4),  about  3  or  4  cms.  long  and  about  6  mm.  internal 
diameter.  He  placed  in  this  two  silver  plugs  fitting  the  tube  tightly, 
and  attached  to  these  platinum  wires  which  were  sealed  through  the 
glass.  The  ends  of  these  plugs  were  pohshed  and  slightly  amalga- 
mated with  mercury.  The  ends  of  the  plugs  were  brought  within 
a  couple  of  millimetres  of  each  other.  The  interspace  was  about 
half  filled  with  a  small  quantity  of  nickel  and  silver  filings,  96  per 


Fig.  4.— Marconi  Sensitive  Tube  or  Cymoscope.  {Full  size.)  A,  B,  glass  tube 
exhausted;  T,  T,  platinum  terminal  wires;  P,  P,  silver  bevelled  plugs;  S, 
side  tube  for  exhaustion. 

cent,  nickel,  and  5  per  cent,  silver,  carefully  sifted  so  as  to  be  of  a 
certain  degree  of  fineness.  The  glass  tube  was  then  exhausted  and 
sealed.  Subsequently  he  bevelled  the  edges  of  the  silver  plugs  so  as 
to  make  the  interspace  wedge-shaped.  So  improved  and  carefully 
made,  the  Marconi  coherer  proved  to  be  a  most  sensitive  electric 
wave-detecting  device  or  cymoscope,  far  more  certain  in  its  action 
than  anything  which  had  previously  been  designed. 

Marconi  then  proceeded  to  invent  the  devices  for  employing  his 
sensitive  tube  as  a  relay  upon  a  relay  in  a  telegraphic  instrument,  and 
to  use  it  for  conducting  wireless  telegraphy  in  the  manner  described 
in  the  next  chapter.  The  news  of  his  success  in  this  important 
practical  application  caused  widespread  interest  in  the  subject  of 
coherers. 

Branly  reasserted  his  claim  to  be  the  inventor  of  the  metallic 
filings  coherer,  but  he  seems  to  have  underrated  the  importance  of 
Marconi's  improvements.'^     Lodge,  about  this  time,  wrote  a  paper  on 

"  See  British  Patent  Specification  of  G.  Marconi,  No.  12,039,  of  June  2,  1896. 

"  See  E.  Branly,  "  On  the  Electrical  Conductivity  of  Discontinuous  Con- 
ducting Substances,"  Coniptes  Rendus,  December  6,  1897,  vol.  126,  p.  939 ;  also 
The  ElectHcian,  1897,  vol.  40,  p.  333. 
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the  "  History  of  the  Coherer  Principle,"  "  in  which  he  did  something 
less  than  justice  to  the  novelty  and  importance  of  Marconi's  work. 
In  January,  1896,  Professor  A.  S.  Popoff,  of  Cronstadt,  Bussia,  com- 
municated a  paper  to  the  Journal  of  the  Russian  Physical  ami 
Cliemical  Society,  in  which  he  described  certain  experiments  made 
with  a  metallic  filings  coherer.^*  He  made  his  sensitive  tube  of  glass 
with  two  platinum  leaves  down  opposite  sides,  the  interspace  being 
loosely  filled  with  iron  fiUngs  (see  Fig.  5). 

Popoff  combined  with  this  tube  an  arrangement  for  automatically 
tapping  back  the  filings  to  a  sensitive  condition.  As  already  stated, 
Branly  observed  that  after  the  loose  aggregations  of  imperfectly  con- 
ducting metallic  filings  had  been  exposed  to  an  electric  spark  and 
render^  thereby  conductive,  a  slight  tap  or  mechanical  shock  brought 
them  back  again  into  the  high  resistance  or  non-conductive  condition." 
Lodge  had  also  noticed  that  when  two  brass  knobs  in  microphonic 
contact  had  been  caused  to  cohere  by  tbe  passage  of  a  small  spark 
between  them,  the  contact  was  destroyed  by  a  slight  mechanical 
shock. 

Lodge  had  found  that  if  a  battery  and  electric  bell  were  connected 
between  the  knobs  and  placed  on  the  same  stand,  the  mere  mechanical 


PiQ.  6. — Popoff 's  Coherer. 

vibration  of  the  bell  when  the  circuit  was  completed  was  sufficient 
to  destroy  the  light  contact  of  the  knobs.  When  he  subsequently 
came  to  employ  the  metallic  fihngs  coherer  of  Branly  as  an  electric 
wave  detector,  he  arranged  a  "clockwork  tapper  consisting  of  a 
rotating  spoke  wheel  driven  by  the  clockwork  of  a  Morse  instrument, 
and  giving  to  the  filings  tube  or  to  a  coherer  a  series  of  jerks  at  regular 
intervals  "  **  (see  Fig.  6).  He  states,  however  {loc,  cii.)  that  "  an  electric 
bell  mounted  on  the  base  of  the  fiUngs  tube  was  not  found  very 
satisfactory,  because  of  the  disturbances  caused  by  the  little  sparks  at 
its  contact  breaker  to  which  the  previous  coarser  knob  arrangement 
had  failed  to  respond." 

Popoff,  however,  arranged  an  electric  bell  so  that  the  hammer 

"  See  Ttie  Electrician,  1897,  vol.  40,  p.  87. 

*•  Journal  of  the  Bussian  Physical  and  Chemical  Society,  January,  1896, 
vol.  28. 

"  See  a  paper  by  E.  Branly  in  La  Lumi^e  £lectrique,  May  16,  1891, 
translated  in  Tfie  Electrician,  1891,  vol.  27,  pp.  221,  448.  The  restoration  of 
non-conductivity  by  a  tap  or  Bhock  is  particularly  mentioned.  Also  it  is  men- 
tioned in  the  paper  read  by  Dr.  Dawson  Turner  to  the  British  Association  at 
Edinburgh,  in  August,  1892 ;  see  Th^  Electrician,  1892,  vol.  29,  p.  432. 

"  See  0.  J.  Lodge,  "  On  the  History  of  the  Coherer  Principle,"  The  Electrician, 
1897,  vol.  40,  p.  90.  See  also  The  Electrician,  vol.  89,  p.  687,  for  a  photograph  of 
this  mechanical  tapper,  as  exhibited  at  a  meeting  of  the  British  Association  at 
Oxford  in  1897. 
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was  made  to  tap  the  coherer  tube  lightly  and  administer  to  it  the 
small  shook  required  to  make  the  filings  de-cohere. 

Popoff  employed  his  filings  tube  to  close  the  circuit  of  a  tele- 
graphic relay,  and  this,  in  turn,  when  actuated,  set  the  electric  bell 
in  operation  so  that  its  hammer  struck  the  coherer  tube  *•  (see  Fig.  7). 
The  purpose  which  PopofiT  had  in  view  was  to  study  the  phenomena 
of  atmospheric  electricity,  and  he  employed  the  Branly  filings  tube 
as  a  means  of  detecting  and  making  records  of  atmospheric  electrical 
discharges  at  a  distance.  He  states  that  the  above-described  appa- 
ratus was  set  up  in  July,  1895,  at  the  Meteorological  Observatory  of 
the  Forest  Institution  in  St.  Petersburgh.  One  end  of  the  coherer 
was  connected  to  a  lightning  conductor  and  the  other  end  to  the 
earth,  and  he  further  remarks  that  from  July,  1895,  to  December, 


FYom  ••  T%e  Slectrician. 


Fig.  6.— Lodge's  Arrangement  for  tapping  back  his  Coherer  Tube  to  Wave 
Sensitiveness  by  means  of  a  Clockwork-driven  Tapper. 

1897,  his  apparatus  worked  well  as  a  lightning  recorder.  He  made 
the  arrangement  record  by  connecting  in  parallel  with  the  electric 
bell  an  instrument  in  which  a  pen  was  caused  to  make  marks  on  a 
moving  band  of  paper  when  the  circuit  of  an  electromagnet  was 
closed.  We  shall  return  to  the  consideration  of  Popoffs  experiments 
in  dealing  with  the  question  of  electric  wave  telegraphy. 

Marconi  had  meanwhile  filed  an  application  for  a  British  patent,* 
in  which  the  details  of  his  electric  wave  detector  were  particularly 
described.  He  also  associated  with  its  sensitive  metallic  filings  tube 
a  telegraphic  relay  and  a  single  cell,  so  that  when  the  tube  passed 
into  its  conductive  condition  the  circuit  of  the  relay  was  closed.  He 
points  out  that  the  metallic  filings  tube  must  not  be  traversed  at  any 

'»  See  a  letter  from  Prof.  A.  Popoff,  The  Electrician,  December,  10,  1897,  vol. 
40,  p.  236. 

^^  No.  12,089,  of  June  2,  1896,  "  Application  of  Guglielmo  Marconi  for  Im- 
provements in  Transmitting  Electrical  Impulses  and  Signals  and  in  Apparatus 
therefor."  *^ 
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time  by  a   current  greater   than  about   1  milliampere.      Hence  his 
relay  was  wound  w^ith  a  wire  of  high  resistance,  and  one  having  a 


Fig.  7. — Popoff'a  Electromagnetic  Tapper  for  tapping  back  the  Metallic  Filings 
Tube  to  Wave  Sensitiveness.  T,  coherer;  R,  relay;  £,  electromagnetic 
tapper ;  B,  battery ;  G,  gong. 

resistance  of  1000  ohms  is  usually  employed.  The  relay,  in  turn,  is 
made  to  close  the  circuit  of  an  electromagnet  which  operates  a  tap- 
ping arrangement  to  bring 
back  the  tube  continually 
to  a  sensitive  condition.  The 
details  and  adjustments  of 
his  tapper  were  designed 
with  peculiar  care.  The 
tapper  consists  of  an  elec- 
tromagnet having  a  vibrat- 
ing armature  like  an  electric 
bell,  the  armature  carrying 
a  hammer  consisting  of  a 
round  brass  knob  on  a 
stem.  The  electromagnet  is 
so  fixed  on  an  incline  plane 
that  the  blow  administered 
to  the  sensitive  tube  is  from 
below  upwards  (see  Fig.  8). 
He    added    delicate    screw 


Fig.  8.— Marconi's  Electromagnetic  Tapper 
for  tapping  back  bis  Sensitive  Tube  to  a 
Receptive  Condition.  E,  E,  electromagnet ; 
H,  hammer;  T,  sensitive  tube  shown  in 
section  ;  Sj,  S^,  adjusting  screws. 


adjustments  by  means  of  which  the  exact  strength  of  the  blow,  and 
the  rate  at  which  they  were  given,  could  be  precisely  controlled.     In 
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addition  to  this,  he  overcame  the  difficulty  mentioned  by  Lodge,  by 
inserting  in  the  circuit  of  the  sensitive  tube  two  choking  coils  of  wire, 
the  effect  of  which  was  to  prevent  the  oscillations  started  by  the 
minute  sparks  at  the  relay  or  vibrating  hammer  contacts,  travelling 
back  along  the  wires  and  causing  coherence  in  the  filings.  The 
vibrating  tapper  and  any  other  telegraphic  printing  or.  recording 
instruments  were  worked  in  parallel  by  the  relay  by  a  set  of  dry  cells, 
one  separate  cell  being  used  in  the  circuit  of  the  coherer  and  relay. 

The  cell  in  series  with  the  relay  and  sensitive  tube  passed  a 
current  not  exceeding  a  milliampere  through  the  tube  when  the 
filings  cohered  under  the  action  of  an  electric  wave,  and  the  circuit 
of  the  relay  thereby  closed  caused  the  current  from  about  eight  other 
dry  cells  to  work  the  tapper  and  Morse  printer  or  recorder. 

Marconi  mounted  the  whole  of  this  apparatus  on  one  base  board 
and  enclosed  it  in  a  metal  box  to  preserve  it  from  the  action  of  stray 
waves  or  sparks. 

In  this  manner,  towards  the  end  of  1896  Marconi  produced  a 
compact  self-contained  cymoscope  of  greater  sensitiveness  and  cer- 
tainty of  action  than  any  which  had  previously  been  designed. 

The  results  which  he  obtained  with  it  when  associated  with  his 
other  inventions  stimulated  research  in  a  remarkable  manner.  He 
came  over  from  Italy  to  England  and  made  known  his  improvements 
to  Sir  W.  H.  Preece,  then  the  engineer-in-chief  of  the  British  Govern- 
ment Telegraph  Department  of  the  General  Post  Office.  Sir  W.  H. 
Preece  exhibited  it  at  a  lecture  he  gave  at  the  Royal  Institution  on 
June  4,  1897,  and  stated  that  "  Marconi  has  produced  from  known 
means  a  new  electric  eye,  more  delicate  than  any  known  electrical 
instrument,  and  a  new  system  of  telegraphy  that  will  reach  places 
hitherto  inaccessible."  ^ 

4.  Methods  of  detecting  and  recording  the  Passage  of  Electric 
Waves  by  Contact  Cymoscopes. — It  has  already  been  mentioned 
that  Branly  discovered  the  fact  that  whilst  some  kinds  of  loose  or 
imperfect  electrical  contact  are  lowered  in  resistance  by  the  creation 
of  an  electric  spark  near  them,  other  descriptions  of  contact  are 
caused  to  increase  in  resistance.  This  change  is  the  result  of  an 
electric  wave  created  by  the  spark.  The  alteration,  whether  to  greater 
or  less  conductivity,  is  essentially  due  to  the  creation  of  an  electric 
force  at  the  imperfect  contact.  The  change  has,  however,  to  be 
detected  in  some  manner  by,  so  to  speak,  testing  the  contact  or 
contacts  before  and  after  the  passage  of  the  wave.  We  do  this  by 
applying  to  the  imperfect  contact  a  small  external  electromotive 
force  in  conjunction  with  some  means  for  detecting  an  electric 
current.  This  external  electromotive  force  must  not  exceed  a  certain 
small  value,  generally  a  fraction  of  a  volt,  or  at  most  1*5  to  2  volts, 
or  else  it  will  itself  produce  the  change  in  conductivity  without  any 
assistance  from  a  passing  electric  wave. 

There  are  three  methods  by  which  we  may  explore  and  reveal 
the  change  in  conductivity  (if  any)  which  has  been  produced  in  the 
sensitive  conductor  consisting  of  a  loose  or  microphonic  contact  or 
contacts  of  some  kind. 

«>  Sec  Proc.  Royal  Institution,  1897,  vol.  xv.  p.  461,  or  The  EUctricikn,  vol.  89, 
p.  217. 
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We  may  simply  connect  the  coherer  in  series  with  a  single  cell, 
or  with  a  shunted  cell,  and  a  detector,  such  as  a  galvanometer,  or 
other  direct  telegraphic  recorder,  such  as  a  syphon  recorder,  as  used 
in  submarine  telegraphy.  In  the  next  place,  we  may,  as  already 
described,  connect  the  sensitive  device  in  series  with  a  single  cell 
and  a  delicate  telegraphic  relay.  Such  a  relay  should  be  one  which 
operates  with  a  current  of  not  more  than  1  milliampere,  and,  better 
still,  with  one-tenth  of  a  milliampere.  This  relay  can  then  be  made 
to  close  the  circuit  of  any  form  of  ordinary  printing  or  recording 
telegraphic  instrument,  such  as  a  Morse  inker  or  printer,  which  works 
with  a  single  current.  This  plan  is  generally  called  the  telegraphic 
receiver  method. 

In  the  third  place,  we  may  employ  an  ordinary  magnetic  or  bell 
telephone  in  series  with  the  sensitive  device,  coherer,  or  contact 
cymoscope,  a  single  voltaic  cell  and  a  high  resistance,  or  else  a 
shunted  cell,  being  placed  in  the  circuit.  Then,  when  the  sensitive 
device  suddenly  changes  in  conductivity,  it  either  increases  or 
diminishes  suddenly  the  current  through  the  circuit,  and  a  dick  is 
heard  in  the  telephone  by  a  listener.  Generally  speaking,  this  last 
method,  called  the  telephonic  method  of  receiving,  enables  us  to 
estimate  smaller  changes  in  the  conductivity  of  the  sensitive  contact 
than  the  method  with  the  relay.  All  these  methods  have,  however, 
their  own  peculiar  advantages.  The  direct  or  galvanometric  method 
appeals  to  the  eye,  and  is  suitable  for  lecture  or  demonstration 
purposes.  The  telephonic  method  appeals  to  the  ear,  and  is  the 
most  delicate.  The  method  with  the  relay  enables  a  permanent 
record  of  the  signals  or  changes  to  be  obtained  on  a  Morse  tape  or 
in  printed  signs,  and  has  much  to  recommend  it.  On  the  other 
hand,  the  numerous  adjustments  require  more  skill  than  when  the 
telephonic  method  is  used,  and  when  the  receipt  of  telegraphic 
messages  is  in  question,  many  operators  and  inventors  have  given 
preference  to  the  telephonic  method.  The  circuit  which  contains 
the  cymoscope,  battery,  and  relay,  or  other  telegraphic  instrument, 
may  be  called  the  dderior  cirniU.  It  consists  of  three  appliances 
connected  in  series. 

(i.)  Some  source  of  electromotive  force,  viz.  a  voltaic  cell  or  cells, 
thermopile  or  dynamo. 

(ii.)  Some  device  for  indicating  the  presence  or  change  in  strength 
of  an  electric  current,  as,  for  instance,  a  galvanometer,  telephone,  or 
telegraphic  relay  or  recorder. 

(iii.)  Some  appliance  for  creating  a  variation  in  the  strength  of  • 
the  above  current,  which  is  set  in  operation  by  electric  oscillations, 
so  that  it  either  increases  or  decreases  the  resistance  of  the  detector 
circuit,  or  increases  or  decreases  the  electromotive  force  in  that 
circuit.  This  last  device  is  called  the  cymoscope,  and  it  is  connected 
also  either  directly  or  inductively  with  an  aiilenna  or  wire  in  which 
the  incident  electric  waves  set  up  electric  oscillations. 

5.  Various  Forms  of  Coherer  and  Materials  for  their  Con- 
struction.— The  simplest  form  of  contact  cymoscope  is  the  crossed 
needle  or  single  contact,  originally  described   by  Branly.**     Lodge 

«  See  E.  Branly,  "  Variations  of  Electric  Conductivity  under  Electrical 
Influence,"  The  Electrician,  vol.  27,  p.  222. 


366   DETECTION  AND  MEASUREMENT  OF  ELECTRIC  WAVES 

also  found  that  a  steel  sewing-needle  having  its  point  lightly  pressed 
against  an  aluminium  plate  made  a  fairly  regular  coherer.'^  When 
an  electric  wave  passes  over  it,  the  point  is  welded  to  the  plate,  and 
the  loose  or  imperfect  contact  becomes  a  good  one,  and  will  pass  a 
current  from  a  single  cell  through  a  galvanometer.  It  may  here  be 
noted  that  the  passage  of  the  current  is  not  necessary  to  create  the 
coherence,  it  merely  reveals  it. 

Branly  found  in  1891  that  if  a  pair  of  shghtly  oxidized  copper 
wires  rest  across  one  another,  the  contact  resistance,  when  no 
pressure  is  appUed,  is  very  high  (8000  ohms  or  so).  It  falls,  however, 
to  a  few  ohms  (6  or  7)  on  the  impact  of  an  electric  wave. 

The  objection,  however,  to  a  single  contact  from  the  point  of 
view  of  telegraphy  is  the  small  detecting  current  which  can  be 
passed  through  the  junction  without  damaging  the  sensitiveness  of 
the  contacts  by  welding  them  together  too  much.  In  this  case  it 
requires  a  considerable  shock  to  effect  severance,  and  the  junction 
becomes  less  sensitive  to  electric  waves.  Subsequently,  however, 
Branly  found  that  a  series  of  metal  balls  in  light  contact  formed  a 
good  coherer.^  He  tried  using  small  balls  of  soft  iron  placed  in  a 
glass  tube.     Thus  ten  balls  showed  an  initial  resistance  of  990  ohms, 

which  dropped  to  60  ohms  on  passing 
a  1'5-mm.  spark  at  a  distance  of  10 
metres.  He  found  hard  steel  balls  still 
better,  varying  in  contact  resistance 
from  2000  to  100  ohms  on  passing  a 
spark.  A  coherer  of  six  hard  steel  balls, 
such  as  are  used  for  bicycle  bearings, 
is  about  as  sensitive  as  a  gold  filings 
coherer,  but  to  work  well  the  decohering 
Fig.  9.— Branly's  Tripod  ^^^^k  must  be  carefully  regulated. 

Coherer.  More  recently  he  has  devised  a  tripod 

coherer,  consisting  of  a  small  metalUc 
stool  with  three  slightly  oxidized  legs.^  This  tripod  stands  on  a 
pohshed  steel  plate,  and  arrangements  are  made  to  decohere  it  by 
tilting  the  little  stool  by  an  electromagnet  when  the  legs  become 
cohered  to  the  plate  under  the  action  of  a  wave.  The  ends  of  the 
legs  must  not  be  too  heavily  oxidized,  and  the  stool  must  be  very 
light  in  weight,  so  as  to  make  bad  contact  with  the  plate  until  the 
impact  of  the  wave  improves  it  (see  Fig.  9). 

In  the  case  of  the  ball  coherer,  variation  of  sensibility  may  be  made 
by  tilting  the  glass  tube  containing  the  balls  to  various  inclinations, 
so  as  to  make  the  balls  press  more  or  less  heavily  on  each  other. 

In  the  case  of  metallic  filings  coherers,  a  variation  in  sensibility 
may  be  obtained  by  bevelling  off  the  electrodes  obliquely  so  as  to 
make  the  gap  w- edge- shaped,  as  in  the  Marconi  coherer.'*   The  present 

»  See  0.  J.  Lodge,  **  The  History  of  the  Coherer  Principle,"  The  Electrician, 
vol.  40,  p.  90. 

**  See  E.  Branly,  "  Ball  Coherers,"  Comptes  Rendus,  1899,  vol.  128,  p.  1089, 
or  Science  Abstracts ,  vol.  ii.  No.  1164. 

«-  See  Prof.  E.  Branly,  "A  Sensitive  Coherer,"  Comptes  Rendtis,  1902,  vol. 
184,  p.  1197,  or  Science  Abstracts,  1902,  vol.  6,  p.  852. 

*•*  This  device  was  very  early  employed  by  Marconi,  but  it  has  been  patented 
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form  of  Marconi  telegraphic  coherer  is  attached  to  a  bone  holder, 
consisting  of  a  round  bone  rod  with  squared  end,  to  which  the  coherer 
is  lashed  by  silk  threads.  By  taking  hold  of  the  glass  "  tail "  of  the 
coherer  or  sealed-off  glass  end  by  which  the  coherer  is  exhausted,  it 
can  be  turned  on  its  axis  into  various  positions,  so  that  the  filings 
lie  in  a  broader  or  narrower  portion  of  the  bevelled  gap  between  the 


FiQ.  10. — Marconi  Sensitive  Metallic  Filings  Tube  or  Cymoscope  supported  on 
a  Bone  Holder.    (F^iU  size.) 

silver  plugs.  The  sensibility  is  thereby  altered  within  certain  limits 
(see  Fig.  10).  Other  ways  of  adjusting  the  sensibiUty  of  filings 
coherers  have  been  devised.  Thus  M.  Blondel  constructed  a  coherer 
with  a  side  tube  or  pocket  (see  Fig.  11)  in  which  was  placed  a 
reserve  of  filings,  and  by  shaking  more  or  less  of  these  into  the  gap 


From  the  *•  Electrical  Review." 

Fig.  ll.^Blondel  Side-pocket  Metallic  Filings  Coherer. 

between  the  electrodes  the  desired  variation  could  be  produced.'^    A 
somewhat  similar  arrangement  was  tried  by  Lodge. 

As  regards  materials  for  the  construction  of  coherers,  it  seems  to 
be  generally  agreed  that  for  the  non-oxidizable  or  noble  metals,  such 
as  gold,  platinum,  and  silver,  taken  alone,  are  not  well  suited  for 

again  and  again  by  various  inventors.    See  German  patent,  No.  116,118,  Class 
21a,  1900.    It  has  also  been  claimed  by  M.  Tissot. 

*•  See  a  letter  from  M.  A.  Blondel,  The  Electrician,  1899,  vol.  43,  p.  277. 
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making  telegraphic  cymoscopes.  All  metals  in  the  state  of  filings 
or  fine  borings  exhibit  the  phenomena  of  coherence,  but  the  non- 
oxidizable  metals  are  too  sensitive.  On  the  other  hand,  the  very 
oxidizable  metals  are  too  insensitive,  and  in  some  cases,  such  as 
potassium  and  arsenic.  Professor  J.  C.  Bose  found  a  reversal  of  eflFect, 
viz.  that  under  the  action  of  electric  waves  the  constant  resistance 
between  particles  of  these  metals  was  increased,  and  not  diminished, 
by  the  impact  of  an  electric  wave. 

It  is  a  curious  fact  that  the  magnetic  metals,  nickel,  iron,  cobalt, 
in  the  order  named,  give  better  results  than  non-magnetic  metals, 
whether  used  as  filings  in  a  tube  or  as  ball  or  rod  coherers.  The 
best  results  are  obtained  when  employing  in  a  metallic  filings  tube  a 
mixture  of  filings  of  a  magnetic  and  a  noble  or  unoxidizable  metal ; 
for  example,  a  mixture  of  iron,  nickel,  or  cobalt  fihngs  with  a  small 
percentage  of  silver,  gold,  or  platinum  filings,  the  mixture  of  nickel 
and  silver  giving,  as  Marconi  has  shown,  a  particularly  good  result. 

The  use  of  carbon  for  the  construction  of  coherers  has  been  much 
discussed.  A  British  Patent  Specification  of  Messrs.  A.  C.  Brown 
and  G.  R.  Neilson,  No.  28,968,  of  December  17,  1896,  one  of  the 
earhest  taken  out  for  improvements  in  electric  wave  telegraphy, 
mentions  the  employment  of  carbon  granules  or  powder  in  a  coherer 
in  combination  with  a  telephone  as  a  means  of  detecting  change  in 
conductivity. 

Some  persons  at  one  time  declared  that  carbon  could  not  be  used 
in  a  Branly  tube  as  a  Hertzian  wave  receiver,  and  Branly  himself 
makes  no  mention  of  it.  Sir  Oliver  Lodge,  in  his  book  on  "The 
Work  of  Hertz,"  mentions  in  a  footnote  that  Professor  Fitzgerald 
had  succeeded  in  employing  carbon,  but  no  details  of  the  experiments 
are  given. 

Mr.  F.  J.  Jervis-Smith  showed  in  1897  that  powdered  carbon 
could  be  used  in  place  of  metallic  filings  in  a  coherer  tube,  and  found 
it  very  sensitive.  He  employed  graphitic  carbon  in  a  glass  tube  with 
pointed  metallic  electrodes,  which  could  be  screwed  more  or  less  into 
the  carbon  powder.*  He  states  that  placing  the  carbon  powder  in  a 
vacuum  does  not  improve  it. 

On  the  other  hand,  an  iron  or  nickel  filings  coherer  will  not  work 
well  for  long  unless  the  filings  are  in  a  fairly  good  vacuum.  The 
particles  probably  become  too  much  oxidized  on  the  surface. 

In  the  latter  part  of  1897,  Mr.  F.  J.  Jervis-Smith,  following  Brown 
and  Neilson,  employed  a  combination  of  carbon  coherer  and  telephone 
as  a  detector  of  electric  waves.  In  1898  he  described  the  arrange- 
ment as  follows : — 

"  A  Hertz  resonator  in  usually  adjusted  by  altering  the  length  of  the  two 
conductors  on  either  side  of  the  spark  gap  till  the  best  results  are  obtained,  this 
alteration  of  length  has  been  effected  by  cutting  off.  portions  of  the  conductors, 
and  observing  the  length  of  the  spark  in  the  gap  in  a  dark  room.  Adjustment  by 
means  of  this  method  is  by  no  means  easy,  and  when  the  primary  oscillations  are 
feeble,  it  is  difficult  to  accomplish.    In  the  new  form  of  resonator,  two  ribbons  of 


"  See  F.  J.  Jervis-Smith,  The  Electrician^  1897,  vol.  40,  p.  86,  or  Science 
Abtracts,  vol.  i.  No.  166.  Mr.  A.  A.  C.  Swinton  (see  The  Electrician,  1897,  voL 
40,  p.  133),  had  previously  noticed  the  reduction  in  resistance  of  a  carbon  tube 
filled  with  carbon  granules  by  a  neighbouring  electric  spark. 
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copper  foil  or  a  flexible  metallic  conductor  of  equal  length  are  symmetrically 
coiled  on  to  two  cylinders,  geared  together  by  means  of  non-conducting  cog-wheels ; 
the  cylinders  are  carried  on  insulated  bearings,  and  the  ribbons  are  kept  in  a 
state  of  tension  by  means  of  two  weights  attached  to  silk  cords  running  over  two 
pulleys ;  the  length  of  the  ribbons  is  regulated  by  the  milled  head." 

These  ribbons  form  extensions  of  metallic  caps  or  ends  to  a  small 
tube,  which  is  filled  with  powdered  carbon,  in  form  of  grains. 

'*  This  carbon  detector  also  forms  part  of  a  circuit,  including  a  telephone,  and 
a  battery,  and  an  adjustable  resistance.  To  adjust  the  resonator,  it  is  placed  so 
that  it  may  be  influenced  by  an  oscillator  or  radiator  of  Hertz  waves,  the  milled 
head  is  slowly  turned  imtil  a  clear,  sharp  click  is  heard  by  means  of  the  telephone. 
Unlike  the  metal  filings  detector  of  Branly,  this  powdered  carbon  detector  allows 
a  very  minute  current  to  flow  continuously  through  the  telephone  circuit,  but 
when  the  carbon  is  subjected  to  a  Hertz  wave,  a  click  is  heard  in  the  telephone." 

T.  Tommasina  also  constructed  in  1899  a  carbon  coherer  with 
carbon  particles,  which  he  says  was  as  sensitive  as  a  metaUic  fiUngs 
coherer,  and  required  less  mechanical  shock  to  decohere  it.  One 
efficient  form  consisted  of  two  arc  lamp  carbons  placed  in  a  glass 
tube  held  by  rubber  stoppers,  so  that  the  ends  were  in  light  contact. 
He  found  this  form  of  carbon  coherer  extremely  sensitive,  and  not 
easily  put  out  of  order.'®  Mercury  has  also  been  used  with  great 
success  in  making  coherers.  T.  Tommasina  in  1899  made  a  coherer 
with  a  drop  of  mercury  contained  between  two  brass  electrodes  in  a 
glass  tube."^  He  does  not  say,  however,  whether  it  required  tapping 
to  make  it  decohere.  It  is  a  peculiar  and  valuable  property  of  carbon 
in  certain  forms  in  combination  with  mercury  and  iron  that  it  enables 
us  to  construct  coherers  which  are  self-restoring  and  return  spon- 
taneously and  immediately  to  a  high  resistance  condition  after  the 
impact  of  an  electric  wave. 

As  already  mentioned,  Professor  D.  E.  Hughes  in  1879  found 
that  a  carbon-steel  microphone  was  sensitive  to  electric  sparks  at  a 
distance,  and  he  subsequently  stated  that  he  had  at  that  time  found 
it  to  be  self-restoring.  T.  Tommasina  discovered  that  a  certain 
variety  of  graphitic  carbon  used  in  the  microphones  of  certain  Swiss 
telephones  had  the  same  property.^*  An  interesting  form  of  self- 
restoring  cymoscope  is  one  the  invention  of  which  has  been  attributed 
by  Captain  Quintino  Bonomo  to  P.  Castelli,  a  signalman  in  the 
Italian  navy.**  This  coherer  has  been  made  in  many  forms,  several 
varieties  being  described  by  Captain  Bonomo  in  an  official  Report, 
published  by  him  in  1902,  in  which  he  gave  an  account  of  work  done 
in  wireless  telegraphy  for  the  Italian  Ministry  of  Marine  between 
September,  1900,  and  May,  1901.  In  a  glass  tube  of  3  mm.  internal 
diameter  are  placed  electrodes  or  rods  of  iron  or  carbon,  fitting  the 
tube  closely,  the  ends  of  the  iron  or  steel  rods  being  well  polished. 
If  carbon  rods  are  employed,  it  should  be  in  the  form  used  for  arc 
lamp  carbons  with  smooth  ends.  These  rods  nearly  meet  in  the 
centre  of  the  tube,  and  a  drop  of  clean  mercury  is  placed  between 

*•  See  Comptes  Rendus,  1899,  vol.  128,  p.  666;  also  Science  Abstract 8 y  vol.  ii. 
No.  1028. 

'♦  See  Comptes  Retidus^  1899,  vol.  128,  p.  1092 ;  or  Science  Abstracts^  vol.  ii.  p.  621. 

»»  Soo  T.  Tommasina,  Comptes  Rendusy  1900,  vol.  130,  p.  904. 

"  See  "Telegrafia  Senza  Fili,"  Rome,  1902;  or  U Elettricistay  ser.  ii.  vol.  i. 
pp.  118,  173. 
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them  (see  Pig.  12,  Diagrams  1,  6,  or  6).     Alternatively  there  may  be 

two  drops  of  mercury  with  a  short  block 
of  iron  or  carbon  interposed  between  them 
(see  Fig.  12,  Diagrams  2,  3,  or  4).="  The 
size  of  the  drop  of  mercury  should  be  be- 
tween 1-6  and  3  mm.  in  diameter.  If  less 
than  ]-5  mm.  the  coherer  is  insensitive, 
if  larger  than  3  mm.  it  is  not  sharp  in 
action.  The  distance  between  the  elec- 
trodes of  iron  or  carbon  must  be  carefully 
adjusted.  This  is  done  by  incUning  the 
tube  to  35°  or  40°  to  the  horizon,  and  dis- 
placing the  upper  electrode  until  there  is 
a  little  space  of  0*2  to  0*5  mm.  between 
the  mercur}'  drop  and  the  end  of  the 
upper  electrode.  The  adjustment  will 
then  be  correct  when  the  tube  is  in  a 
horizontal  position. 

The  tube  so  prepared  is  placed  in 
series  with  a  single  voltaic  cell  and  a 
telephone,  a  resistance  being  added  if 
necessary  (see  Fig.  13).  When  an  electric 
wave  falls  on  the  tube,  it  causes  a  sudden 
decrease  in  the  resistance  between  the 
electrodes,  and  a  sharp  click  is  heard  in 
the  telephone.  The  tube,  however,  if  pro- 
perly adjusted,  returns  immediately  to  its  original  high  resistance. 
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12. — Various  Forms  of 
Castelli  Coherer. 


From,  *•  The  Electrical  Revievc. 

Fig.  13.  —  Mode  of  em- 
ploying a  Mercury-iron-  E 
carbon  Cymoscope  with  Fig.  14.— Italian  Navy  or  Solari  Coherer.  A,  an- 
a  Telephone,  T,  and  tcuna ;  E,  earth  connection;  rf,  carbon  plug; 
Auxiliary  Cell,  V,  as  an  /,  iron  plug;  m,  telephone;  ^,  mercury  globule; 
Kloctric  Wave  Detector.  (/,  adjusting  screw ;  i,  voltaic  cell. 

Hence  if  waves  continue  to  amve,  the  sound  in  the  telephone  is 
almost  contiiious. 

"  See  The  Electrical  Beview,  1902,  vol.  61,  p.  968. 
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In  a  slightly  modified  form,  with  one  fixed  plug  or  electrode  of 
carbon,  the  other  being  an  adjustable  one  of  iron,  and  a  globule  of 
mercury  included  between  (see  Fig.  14)  the  inner  ends,  the  arrange- 
ment was  claimed  in  1902  as  the  invention  of  Lieutenant  Luigi  Solari 
of  the  Itahan  navy,  and  denominated  the  Italian  Navy  Coherer.** 

The  hygrometric  state  of  the  air  is  said  to  affect  these  tubes  un- 
favourably if  they  are  not  sealed. 

6.  Restoration  of  Coherers  to  the  Sensitive  Condition.— The 
use  of  a  metallic  filings  coherer  made  with  most  ordinary  metals 
necessitates  also  the  employment  of  some  means  for  tapping  the 
tube  to  restore  it  to  the  sensitive  condition  after  the  coherence  has 
been  produced.  These  mechanical  shocks  must  be  capable  of  very 
nice  adjustment.  In  telegraphic  work,  the  possibility  of  sending  and 
receiving  a  dash  signal  as  well  as  a  (ht  signal  on  the  Morse  alphabetic 
code  is  essentially  dependent  upon  this  delicate  setting  of  the  tapper 
to  administer  a  series  of  blows  of  just  the  right  strength.  The 
original  clockwork  tapper  of  Lodge  is  not  sufficiently  adjustable. 
The  arrangements  of  Marconi,  though  admirable,  require  some 
dexterity  to  manage  them.  Inventors  have  therefore  sought  for 
simpler  means  of  effecting  the  decoherence  of  the  filings  or  surfaces, 
and  also  for  forms  of  contact  cymoscope  which  should  be  self- 
decohering  or  continually  self-restoring  to  a  sensitive  condition. 

H.  Rupp  found  that  rotating  the  metallic  filings  tube  continually 
but  slowly  was  sufficient  to  keep  the  filings  in  a  sensitive  condition.^^ 
T.  Tommasina  discovered  that,  when  using  coherers  made  with 
filings  of  magnetic  metals,  decoherence  could  be  effected  by  a  magnet 
placed  a  httle  distance  above  the  tube.  He  accordingly  fixed  an 
electromagnet  above  a  nickel,  iron,  or  cobalt  filings  coherer,  and 
caused  the  action  of  the  electiic  wave  on  the  tube  to  close  the  circuit 
of  a  single  cell  through  the  <5oherer  and  a  relay.  The  relay  in  turn 
closed  another  cell  circuit  through  the  electromagnet,  and  so  effected 
.  the  decoherence.     He  says  the  arrangement  worked  perfectly.* 

The  explanation  of  this  action  seems  to  be  that  the  chains  of 
filings,  which  Tommasina  contends  are  formed  under  the  action  of 
the  waves,  are  torn  apart. 

Other  inventors  have  attached  the  coherer  to  the  armature  of  an 
electromagnet,  the  circuit  of  which  included  a  voltaic  cell,  and  was 
closed  through  a  relay  by  the  current  sent  from  a  separate  cell 
through  the  coherer  when  the  latter  became  conductive.  The  play 
of  the  armature  of  the  electromagnet  can  be  hmited  by  screw  stops. 
The  author  has  used  for  many  years  a  device  of  this  kind  in  a  lecture 
apparatus,  which  was  most  easy  to  adjust  and  efficient  in  action. 
The  form  of  coherer  used  was  one  suggested  by  the  author  some  time 

'*  See  a  letter  to  The  Twics  of  July  8,  1902,  by  the  Marquis  Luigi  Solari, 
claiming  this  invention;  also  see  a  Royal  Institution  Friday  Evening  Discourse 
by  Chevalier  G.  Marconi,  June  13,  1902,  reported  in  The  Electrician^  1902, 
vol.  49,  p.  490 ;  also  British  Patent  Specidcation,  No.  18,106,  of  September,  1901, 
amended  July  16, 1902,  granted  to  G.  Marconi,  communicated  by  the  Marchese 
Luigi  Solari,  for  "Improvements  in  Coherers  or  Detectors  for  Electrical  Waves." 

'^  See  H.  Rupp,  Elektrotcchnische  Zeitschrifty  April  14,  1898;  or  Electrical 
Review,  1890,  vol.  42,  p.  636. 

»«  See  T.  Tommasina,  Cornptcs  Uendus,  1899,  vol.  128,  p.  225;  or  Science 
Abstracts,  voL  ii.  No.  1166. 
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ago.*^  It  consisted  of  two  L-shaped  pieces  of  silver,  /,  which  were 
bound  on  either  side  of  a  thin  slip  of  ivory  or  fibre,  d,  in  which  a 
U-shaped  gap  was  cut.  This  formed  a  small  box,  not  more  than  2  or 
3  mm.  wide,  with  metallic  sides.  In  this  box  is  placed  a  very  small 
quantity  of  freshly  made  nickel  filings,  and  the  box  is  closed  by  a 
wooden  wedge  (see  Fig.  15).  This  coherer  is  attached  to  the  vibrating 
armature  of  an  electromagnet,  £,  made  like  an  electric  bell,  except 
that  tw^o  screw  stops  limited  the  play  of  the  armature.  The  coherer 
is  placed  in  series  with  a  single  dry  cell  and  a  relay  which  closes  the 
circuit  of  another  cell  through  the  electromagnet  above  mentioned, 
and  also  closes  another  circuit  of  a  large  electric  bell  or  Morse  print- 
ing telegraphic  instrument.  When  an  electric  wave  falls  on  the 
coherer,  the  vil)rating  armature  of  the  electromagnet  gives  one  or 
two  quick  motions,  and  shakes  the  filings  coherer  back  to  a  non- 
conductive  condition. 


Fig.  16.— Fleming  Coherer  carried  on  the  Armature  of  an  Electromagnet. 

The  disadvantage  of  all  these  arrangements  from  a  telegraphic 
point  of  view  is  that  the  train  of  mechanism  necessary  to  administer 
the  shock  to  the  coherer  has  so  much  mechanical  and  electrical 
inertia,  and  hence  is  limited  in  speed.  Also,  generally  speaking,  more 
than  one  blow  must  be  applied.  A  series  of  Ught  taps  is  more  effective 
than  one  violent  blow.  All  this  means  time,  and  therefore  loss  of 
speed  in  receiving  signals. 

Amongst  other  methods  which  have  been  tried  is  one  due  to  Mr. 
S.  G.  Brown."  The  pole  pieces  of  the  coherer  tube  are  made  of  iron, 
and  enveloped  in  magnetizing  coils  traversed  by  an  alternating 
current.  Between  these  pole  pieces  a  small  quantity  of  nickel  or 
iron  filings  is  placed,  and  under  the  action  of  an  electric  wave  tfiese 

»'  See  Journal  of  the  Institution  of  Electrical  Engineers,  1899,  vol.  28,  p.  292, 
remarks  by  J.  A.  Fleming  in  "  Discussion  on  Mr.  Marconi's  Paper  on  Wireless 
Telegraphy." 

"  See  S.  G.  Brown,  British  Patent  Specification,  No.  19,710  of  1899. 
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loose  filings  cohere.  The  moment  the  wave  ceases  the  alternating 
magnetism  causes  the  filings  to  fall  apart.  Mr.  Brown  found  that 
revolving  a  permanent  magnet  near  an  ordinary  nickel  or  iron  filings 
coherer  tube  had  the  same  effect. 

Of  all  these  substitutes  for  tapping  one  of  the  most  effective  and 
simple  is  that  due  to  Sir  Oliver  Lodge,  Dr.  Muirhead,  and  Mr. 
Robinson.*  In  this  arrangement  a  steel  disc  is  caused  to  revolve 
slowly  by  clockwork.  The  disc  just  touches  a  globule  of  mercury, 
the  surface  of  which  is  covered  with  a  layer  of  paraffin  oil  (see  Fig. 
16).  Under  these  conditions  there  is  no  good  electric  contact  between 
the  steel  disc  and  the  mercury.  If  a  fraction  of  a  volt  difference  of 
potential  (03  of  a  volt  or  less)  is  created,  by  the  use  of  a  shunted 
voltaic  cell  between  the  steel  and  the  mercury,  then  when  an  electric 
wave  falls  on  this  coherer  the  film  of  oil  is  perforated,  and  a  current 
passes  which  is  sufficient  to  work  a  sjrphon  recorder  placed  in  series 
with  the  cymoscope  without  the  inter- 
position of  any  relay.  The  rotation  of 
the  steel  disc  continually  restores  the 
cymoscope  to  a  sensitive  condition. 
The  edge  of  the  disc  is  continually  kept 
clean  by  a  pad  of  felt  or  leather. 

An  ingenious  form  of  combined  tele- 
phone and  coherer  has  been  designed 
by  T.  Tommasina.  In  this  instrument 
the  diaphragm  of  a  Bell  telephone  carries 
on  it  a  small  carbon  or  metallic  filings 
coherer,  which  is  also  in  series  with  a 
bell  and  a  relay.  When  the  coherer 
becomes  conductive  it  closes  the  circuit 
of  the  relay,  and  the  latter  in  turn 
closes  the  circuit  of  another  cell  in 
series  with  the  telephone  coil.  The 
jerk  given  to  the  vibrating  diaphragm 
of  the  telephone  resets  the  coherer.  The 
arrangement  works  with  more  precision 
or  nickel  filings,  as  then  the 
assists  the  decoherence. 

All  these  arrangements,  however,  in  which  a  sensitive  relay  is 
employed,  involve  continued  adjustment  and  some  considerable  dex- 
terity to  obtain  the  best  results.  Hence  of  late  years  practice  has 
tended  in  the  direction  of  receiving  arrangements  which  do  not 
involve  the  use  of  an  electromagnetic  relay  with  a  coherer,  as  this 
last  method  requires  the  employment  of  two  sets  of  cells  and  a  number 
of  minute  adjustments  to  secure  uniformly  good  results. 

7.  Theories  of  Coherer  Action. — At  this  point  it  is  desirable  to 
consider  some  of  the  theories  which  have  been  put  forward  to  account 
for  the  phenomena  of  coherence  under  the  impact  of  electromagnetic 
waves. 

At  an  early  stage  Lodge  advanced  the  opinion  that  the  metallic 

^*  See  Sir  Oliver  Lodge,  "A  New  Fonn  of  Self-restoring  Coherer,"  Proc. 
Roy.  Soc.  Lond.,  1908,  vol.  71,  p.  402 ;  also  British  Patent  of  Lodge,  Muirhead, 
and  Robinson,  No.  13,521,  of  June  14,  1902. 


Fig.  16.  —  Lodge  -  Muirhead  - 
Robinson  Rotating  Steel  Disc 
Mercury  Coherer.  D,  steel 
disc ;  C,  cup  containing  mer- 
cury covered  with  oil. 

if  the  coherer  contains  iron 
magnetization  of  the  telephone  core 
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surfaces  in  light  contact  were  welded  together,  and  his  expressions 
have  heen  interpreted  to  mean  that  he  took  the  view  that  the  action 
was  in  part,  at  least,  a  thermal  one.  The  surfaces  in  loose  contact, 
being  at  difiFerent  potentials,  were  assumed*  to  be  drawn  together 
and  then  autogeneously  welded  or  caused  to  cohere,  like  clean  surfaces 
of  lead  when  strongly  pressed  together.  Many  observers  have 
asserted  that  this  process  may  be  witnessed  through  the  microscope, 
actually  taking  place.  Thus  D.  van  Gulik  observed  through  the 
microscope  the  action  of  electric  waves  upon  the  rounded  ends  of 
two  platinum  wires  almost  in  contact,  and  saw  them  drawn  together 
when  the  wave  fell  on  them.  Also  in  another  experiment  he  used 
mercury  drops  separated  by  a  thin  surface  contamination  of  chalk, 
and  said  that  he  saw  them  coalesce  under  the  action  of  radiation.*® 
Other  observers  assert  that  they  have  seen  under  the  microscope 
minute  sparks  passing  between  the  filings  in  a  filings  coherer  when 
a  wave  was  allowed  to  act  on  it.  These  observations  may  be  correct 
as  far  as  they  go,  but  it  is  clear  that  very  powerful  radiation  must 
have  been  employed,  far  in  excess  of  that  necessary  to  produce  the 
true  coherer  phenomena. 

Other  physicists  have  examined  particularly  the  filings  coherer. 
T.  Sundorph  states  that  under  the  action  of  electric  radiation  chains 
of  conducting  particles  are  formed,  and  that  the  process  may  be 
examined  by  laying  some  iron  fihngs  on  a  glass  plate  between  the 
ends  of  two  rods.  Then,  on  making  electric  sparks  in  proximity, 
some  of  the  filings  cling  together  and  form  connected  chains  from 
rod  to  rod.  The  loose  or  disconnected  filings  may  be  removed  by  a 
feeble  magnet  and  the  chains  exposed  to  view.*^ 

T.  Tommasina  supports  this  opinion,  and  says  that  these  chains 
of  particles  stretching  between  the  electrodes  are  more  easily  formed 
when  the  surrounding  medium  is  distilled  water  or  some  dielectric 
other  than  air.** 

R.  Malagoli,  in  referring  to  Tommasina's  assertions,  states  that 
this  process  of  the  creation  of  chains  of  conducting  particles  between 
the  electrodes  can  be  witnessed  in  the  case  of  brass  filings  placed 
between  two  plates  of  metal  immersed  in  vaseline  oil,  when  a  differ- 
ence of  potential  is  made  between  the  plates.** 

In  some  of  these  experiments,  however,  considerable  potential 
differences  must  have  been  employed.  The  actual  electric  or  electro- 
motive forces  which  come  into  play  under  the  action  of  electric  waves 
are  very  small,  and  experiments  such  as  the  above  do  not  necessarily 
explain  the  real  coherer  effect. 

E.  Aschkinass  very  properly  observes,  moreover,  that  any  theoi-y 
of  the  coherer  must  take  into  account  not  only  the  coherence  and 
increased  conductivity  of  the  magnetic  and  ordinary  metals,  but  the 
decreased  adlierence  and  reduced  conductivity  which  takes  place 
between  such  substances  as  peroxide  of  lead,  arsenic,  potassium,  etc. 

*•  See  Science  AbstractSf  vol.  ii.  Abs.  No.  106. 

"  See  Wied.  Annalertf  1899,  vol.  68,  p.  594;  or  Science  AbstractSy  vol.  ii. 
No.  1717. 

**  See  Comptes  Bendiis,  1899,  vol.  129,  p.  40;  ot^ Science  Abstracts ^  vol.  ii. 
No.  1718  (1899). 

«  See  II  Nuovo  Cimento,  1899,  vol.  10,  p.  979. 
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In  other  words,  no  theory  of  the  coherer  can  be  complete  which  does 
not  include  an  explanation  of  the  two  kinds  of  efiFect  on  imperfect 
contacts  discovered  by  Branly,  which  can  be  produced  by  an  electric 
wave.** 

Furthermore,  we  have  to  take  into  account  that  highly  oxidized 
particles  of  metal  operate  in  many  cases  as  effectively  in  making  a 
coherer  as  perfectly  clean  surfaces.  Welding,  in  the  ordinary  sense 
of  the  word,  cannot  then  occrn*. 

The  welding  theory  also  fails  to  account  for  the  power  of  carbon 
granules  to  form  a  good  coherer,  since  carbon  cannot  be  welded  at 
any  such  temperature  as  can  then  exist  at  the  points  of  contact  of 
the  carbon  particles ;  and,  moreover,  the  coherence  is  not  permanent. 

On  the  general  subject  of  the  sensitiveness  of  loose  aggregations 
of  metal  filings  to  electric  waves,  the  researches^  of  Professor  J.  C. 
Bose  are  of  particular  interest.***  He  states  that  the  sensitiveness  of 
any  form  of  contact  cymoscope  consisting  of  conducting  particles 
depends  upon  the  proper  adjustment  of  the  pressure  between  the 
particles  and  the  value  of  the  external  electromotive  force  which  is 
in  waiting,  so  to  speak,  to  send  or  increase  the  current  through  the 
contacts. 

Bose  discovered  other  substances  which,  like  the  peroxide  of  lead 
mentioned  by  Branly,  exhibit  the  phenomenon  of  decreased  coherence 
under  the  action  of  electric  waves,  such  as  metaUic  arsenic,  potassium 
in  petroleum  oil,  and  some  forms  of  silver.  The  best  instance,  how- 
ever, of  this  so-called  anti-coherer  action  is  a  light  contact  between  a 
mass  of  compressed  peroxide  of  lead  and  metallic  lead. 

S.  G.  Brown  has  made  a  so-called  automatic  anti-cohem  by  press- 
ing lightly  a  lead  point  against  a  surface  of  lead  which  has  been 
peroxidized.  The  electrical  resistance  of  this  contact  becomes  greater, 
and  not  less,  under  the  action  of  electric  waves,  and  it  is  also  self- 
restoring.     The  fact  can  easily  be  shown  as  a  lecture  experiment. 

Any  theory  of  the  action  of  electric  waves  or  loose  or  imperfect 
metalUc  contacts,  to  be  complete,  must  embrace  both  the  cases  of 
coherence  and  those  of  increased  resistance  at  the  junction.  It  must 
explain  why  a  copper  wire  lightly  touching  an  oxidized  copper  wire 
experiences  a  great  reduction  in  resistance  at  the  contact  when  an 
electric  wave  falls  upon  it,  whilst  a  lead  wire  lightly  touching  a 
peroxidized  lead  wire  exhibits  under  the  same  conditions  an  increase 
in  resistance  at  the  contact. 

'  Branly  had  recourse,  therefore,  to  a  theory  in  which  the  dielectric 
between  the  particles  is  considered  to  play  an  important  part.  He 
calls  all  the  substances  which  when  in  light  contact  have  their 
conductivity  altered  one  way  or  the  other  by  electric  wave,  radio- 
coudiidors. 

Guthe,  however,  gives  reasons,  derived  from  the  experiments  by 
himself  and  others,  for  doubting  whether  the  interposed  dielectiic 
has  the  functions  ascribed  to  it  by  Branly.* 

**  See  E.  AschkinasB,  "On  the  Coherer,"  ^'ied.  Ann,  der  Physik,  1898, 
vol.  66,  p.  284. 

"  See  J.  C.  Bose,  Proc.  Roy.  Soc.  L<ynd.,  1899,  vol.  65,  p.  166;  or  Science 
Abstracts^  vol.  ii.  No.  1716. 

••  See  K.  E.  Guthe,  "  Coherer  Action,"  paper  read  September,  1904,  before  the 
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J.  C.  Bose,  after  extensive  examination  of  the  coherer  phenomena, 
divided  all  substances  into  positive  and  negative,  the  first  and  largest 
class  reducing  their  resistance,  and  the  second  and  smallest  class 
increasing  their  resistance.  He  used  the  term  ehctiic  tmirh  to  signify 
sensitiveness  to  electric  radiation,  and  concluded  that  the  effect  of 
radiation  was  to  produce  a  molecular  change  or  allotropic  modification 
of  the  substance  acted  upon,  so  that  a  positive  substance  becomes 
less  positive,  and  a  negative  less  negative;  in  some  cases  reversal 
taking  place.^'  These  descriptions,  terms,  and  hypotheses  have  not, 
however,  much  increased  our  real  insight  into  the  matter. 

It  has  been  asserted  that  for  every  particular  Branly  tube  there 
is  a  critical  electromotive  force  in  the  neighbourhood  of  two  or  three 
volts,  which  causes  the  tube  to  break  down  and  pass  instantly  from 
a  non-conductor  tp  a  conductive  condition,  and  that  this  critical 
electromotive  force  may  become  a  measure  of  the  utility  of  the  tube 
for  telegraphic  purposes.  Thus  C.  Kinsley  {Physical  Review,  1901, 
vol.  12,  p.  177)  made  measurements  of  this  supposed  critical  poten- 
tial for  different  "coherers,"  and  subsequently  tested  the  same  as 
receivers  at  a  wireless  telegraph  station  of  the  U.S.A.  Signal  Corps. 
The  average  of  twenty-four  experiments  gave  in  one  case  2*2  volts 
as  the  breaking  down  potential  of  one  of  these  coherers  or  Branly 
tubes,  3-8  volts  for  a  second,  and  5*5  volts  for  the  third.  These  same 
instruments  tested  as  telegraphic  cymoscopes  showed  that  the  first 
of  the  three  was  most  sensitive. 

On  the  other  hand,  W.  H.  Eccles  {FAMiician,  1901,  vol.  47, 
pp.  682,  716)  conducted  experiments  with  Marconi  nickel-silver 
sensitive  tubes,  using  a  liquid  potentiometer  made  with  copper 
sulphate  to  apply  the  potential,  so  that  the  infinitesimal  spark  at  the 
sliding  contacts  might  be  avoided,  and  the  changes  in  potential  made 
without  any  abruptness.  He  states  that  if  the  coherer  tube  is  con- 
tinually tapped  at  the  rate  of  fifty  vibrations  per  second,  whilst  at 
the  same  time  an  increase  in  potential  is  applied  to  its  terminals,  and 
the  current  passing  through  it  measured  on  a  galvanometer,  there  is 
no  abrupt  change  in  current  at  any  point.  He  found  that  when  the 
current  and  voltage  were  plotted  against  one  another  a  regular  curve 
was  obtained,  which  after  a  time  becomes  linear.  A  decided  change 
occurs  in  the  conductivity  of  the  mass  of  metallic  filings  when 
treated  in  this  manner  at  voltages  lower  than  the  critical  voltages 
obtained  by  previous  methods.  He  ascertained  that  there  was  a 
complete  correspondence  between  the  sensitiveness  of  the  tubes 
used  as  telegraphic  instruments,  and  the  form  of  the  charac- 
teristic curve  of  current  and  voltage  drawn  by  the  above-described 
method. 

In  the  same  manner,  K.  Guthe  and  A.  Trowbridge  {Physical 
Picrmc,  1900,  vol.  2,  p.  22)  investigated  the  action  of  a  simple  ball 
coherer  formed  of  half  a  dozen  steel,  lead,  or  phosphor-bronze  balls 
in  slight  contact.  They  measured  the  current  t  passing  through  the 
series  under  the  action  of  a  difference  of  potential,  r,  between  the  ends, 
and  found  a  relation  which  could  be  expressed  in  the  form — 

St.   Louis  International  Electrical  Congress ;  see  also  The  Electrician ^  1904, 
vol.  54,  p.  92. 

*'  See  J.  C.  Bose,  Proc,  Roy,  Soc.  Lond.,  1900,  vol.  66,  p.  450. 
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r  =  V(l  -  €-«^0 

where  v  and  k  are  constants. 

The  current  through  this  ball  coherer  is,  therefore,  a  logarithmic 
function  of  the  potential  difference  between  its  ends  of  the  form — 


'=l>-(v^J 


and  exhibits  no  discontinuity.  The  inference  was  drawn  that  the 
"  resistance  "  is  due  to  films  of  water  adhering  to  the  metallic  particle, 
through  which  electrolytic  action  occurs.  On  the  whole,  the  theory 
of  a  critical  potential  is  not  upheld  by  the  general  facts. 

It  is  clear,  however,  that  the  agency  which  actually  causes 
coherence  is  electromotive  force,  and  that  the  matter  to  be  explained 
is  the  reason  electromotive  force,  acting  on  an  imperfect  contact, 
brings  into  better  conducting  contact  the  surfaces  of  certain  materials 
which  are  in  light  or  imperfect  contact  which  constitute  part  of  the 
circuit,  whilst  in  a  few  other  instances  it  is  made  worse.  Lodge  has 
shown  that  two  conductors  separated  by  a  film  of  air  one  ten- 
thousandth  of  a  millimetre  in  thickness,  and  having  a  difference  of 
potential  of  1  volt,  are  drawn  together  by  electrostatic  attraction  with 
a  force  of  44  atmospheres  per  square  centimetre  of  contact  surface. 
Hence  this  pressure  would  be  sufficient  to  force  out  a  film  of  gaseous 
dielectric  between  the  surfaces,  and  bring  them  into  closer  contact. 
Applying  to  this  fact  the  electron  theory,  K.  E.  Guthe  **  has  expressed 
the  opinion  that  the  electrostatic  pressure  is  sufficient  to  bring  the 
surfaces  into  such  contact  that  electrons  can  pass  over  from  mass  to 
mass,  thus  establishing  a  current  through  the  discontinuous  substance. 
This  theoiy,  however,  gives  no  explanation  how  it  comes  to  pass  that 
there  is  coherence  in  some  cases  and  decoherence  in  others.  Even 
if  we  grant  that  the  passage  over  of  electrons  from  one  surface  to 
the  other  brings  the  opposed  surfaces  to  such  a  potential  difference 
that  a  practical  welding  of  them  takes  place,  we  have  yet  to  explain 
why  there  should  be  such  a  marked  contrast  between  the  behaviour 
of  various  substances,  and  why  there  should  be  such  a  difference 
between  substances  in  the  degree  of  mechanical  shock  necessary  to 
rupture  the  contact  thus  formed. 

On  the  whole,  it  cannot  be  said  that  our  insight  into  the  matter 
is  very  complete.  Our  knowledge  of  molecular  processes  is  still  far 
too  imperfect  to  enable  us  to  prescribe  the  actual  atomic  conditions 
at  the  surfaces  of  a  loose  contact  between  different  pure  or  oxidized 
metallic  masses. 

The  only  facts  which  seem  clear  are  that  the  phenomenon  of 
coherence  is  essentially  an  electrical  process,  that  it  depends  upon  the 
creation  of  a  small  difference  of  potential  between  the  surfaces  in  light 
contact,  and  as  such  is  not  directly  an  effect  of  radiation  per  .v,  but 
merely  of  the  electromotive  force  set  up  when  electric  waves  are 
incident  upon  the  conductors  in  light  contact,  or  upon  others  con- 
nected with  them.     That  we  have  still  much  to  learn  concerning  the 

"  See  paper  on  "  Coherer  Action,"  loc.  cit. 
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general  nature  of  the  eflFect  is  shown  particularly  by  the  interesting 
facts  observed  by  Schafer/® 

He  described  the  following  experiment : — 

A  very  thin  film  of  silver  is  deposited  upon  glass,  and  a  strip  of 
this  silver  is  scratched  across  with  a  diamond,  making  a  fine  traverse 
cut  or  gap.  If  the  resistance  of  this  divided  strip  of  silver  is  measured, 
it  will  not  be  found  to  be  infinite,  but  may  have  a  resistance  as  low 
as  40  or  60  ohms,  if  the  strip  is  30  mms.  or  so  wide.  On  examining 
the  cut  in  the  strip  with  a  microscope,  it  will  be  found  that  the  edges 
are  ragged,  and  that  there  are  little  particles  of  silver  lying  about  in 
the  gap.  If,  then,  an  electromotive  force  of  3  or  4  volts  or  so  is 
put  on  the  two  separated  parts  of  the  strip,  these  little  particles  of 
silver  fly  to  and  fro  hke  the  pith  balls  in  a  familiar  electrical  experi- 
ment, and  they  convey  electricity  across  from  side  to  side.  Hence  a 
current  passes  having  a  magnitude  of  a  few  milliamperes.  If,  how- 
ever, the  strip  is  employed  as  a  cymoscope,  and  connected  at  one  end 
to  the  earth  and  at  the  other  end  to  an  aerial,  then,  when  electric 
waves  fall  upon  the  aerial,  the  electrical  oscillations  thereby  excited 
seem  to  have  the  property  of  stopping  this  dance  of  silver  particles, 
and  the  resistance  of  the  gap  is  much  increased,  but  falls  again  when 
the  wave  impact  ceases.  If,  therefore,  a  telephone  and  battery  are 
connected  between  two  portions  of  the  strip,  the  variation  of  this 
battery  current  will  affect  the  telephone  in  accordance  with  the  waves 
which  fall  upon  the  aerial,  and  the  arrangement  becomes,  therefore, 
a  wave-detecting  device.  It  is  said  to  have  been  used  in  wireless 
telegraph  experiments  in  Germany  up  to  a  distance  of  95  kilometres. 

A  further  study  of  these  instances  of  anti-cohefi^ence  or  interruption 
of  continuity  is  needed  before  we  can  possibly  evolve  a  theory  which 
will  satisfactorily  meet  all  the  known  facts  concerning  the  effect  of 
high  frequency  alternating  electromotive  force  upon  an  imperfect  or 
high  resistance  contact  between  substances  of  various  kinds.  It  is 
possible  that  friction  itself,  generally  speaking,  is  wholly  an  electric 
phenomenon.  * 

There  is  a  well-marked  phenomenon  of  "  fatigue  "  in  the  case  of 
metallic  filings  coherers  which  also  deserves  mention  and  requires 
explanation.  It  has  also  been  noticed  that  rise  of  temperature  pro- 
motes or  favours  decoherence  in  the  case  of  the  positive  class  of 
radio-conductors. 

It  is  clear  that  any  theory  of  the  operation  of  coherers  must  be 
in  close  touch  with  the  theory  of  electric  conduction  generally. 
According  to  the  electronic  theory  of  electricity,  the  conduction  of 
electricity  in  conductors  is  due  to  the  motion  of  free  corpuscles  or 
electrons  or  so-called  negative  ions  in  them.  In  each  conductor 
there  is  a  certain  number  of  these  free  ions  in  each  unit  of  volume. 
It  has  been  shown  by  Professor  J.  J.  Thomson  (see  "  Conduction  of 
Electricity  through  Gases,"  p.  144)  that  an  ion  cannot  fly  off  spon- 
taneously and  leave  the  conductor,  since  the  moment  it  attempts  to 
depart  from  the  surface  it  is  subjected  to  a  force  which  is  numerically 

equal  to  .  »»  where  e  is  the  ionic  negative  charge,  viz.  3-4  x  10 "" 

"  See  E.  Marx,  Phys,  Zeitschrift,  vol.  2,  p.  949;  or  Science  Abstractly  vol.  4, 
p.  471 ;  see  also  Oerman  Patent  Specification,  No.  191,663.  Class  21a. 
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electrostatic  units,  and  d  is  the  distance  from  the  surface.  Suppose,  how- 
ever, that  two  nietal  surfaces  are  very  near  together,  and  at  a  difference 

V 

of  potential  of  V  volts,  or   ^qq  electrostatic  units.     Let  the  distance 

between  these  surfaces  be  very  small,  and  equal  to  x  cms.  Then  the 
electric  force  in  the  interspace  is  „^^-  electrostatic  units,  and  if  this 

is  comparable  with  or  greater  than  --^,  negative  ions  may  be  drawn 

out  of  one  mass  of  metal  and  pass  over  to  the  other. 
If,  then,  we  have  such  a  value  of  a-  and  V  that — 

V  /»*  e 

this  transference  of  ions  can  happen.  Suppose  that  V  =  2  volts, 
then  the  above  equation  is  satisfied  if  a;  =  6  X  10"*.  This  is  a 
distance  comparable  with  atomic  diameters.  If,  then,  two  metallic 
surfaces  are  in  close  contact,  the  creation  of  a  certain  small  difference 
of  potential  between  them  will  result  in  the  passage  of  negative  ions 
from  one  to  the  other,  and  therefore  in  electric  conduction.  More- 
over, this  transference  will  increase  the  potential  difference,  and  this 
will  operate  to  draw  the  surfaces  still  closer  by  electrostatic  attraction. 
The  phenomena  of  coherence  between  loose  or  imperfect  contacts 
between  metals  can  thus  be  explained  on  the  electronic  hypothesis, 
since  when  subjected  to  the  action  of  an  electric  wave  small  differences 
of  potential  are  created  between  the  conductors  in  loose  contact, 
owing  to  the  electromotive  forces  set  up  by  the  wave  in  these  con- 
ductors, or  others  to  which  they  are  connected.  Where  very  great 
differences  in  conductivity  exist  between  the  two  surfaces  in  contact, 
the  action  may  result  in  an  accumulation  of  negative  ions  at  the  bound- 
ing surface  in  such  number  as  to  stop  the  flow  of  a  current  across  the 
junction,  atid  thus  explain  the  decreased  conductivity  of  a  junction 
between  such  substances  as  lead  and  peroxide  of  lead  when  traversed 
by  electric  oscillations, 

8.  Magnetio  Cymosoopes. — It  was  well  known  long  before  the 
middle  of  the  last  century  that  the  discharge  of  a  Ley  den  jar  had  a 
magnetizing  power.  Sir  Humphrey  Davy  magnetized  sewing-needles 
with  Ley  den  jar  discharges  in  1821.  Joseph  Henry,  in  the  United 
States,  between  1842  and  1850,  explored  many  of  the  puzzling  facts 
connected  with  this  subject,  and  only  obtained  a  clue  to  the  anomalies 
when  he  realized  that  the  discharge  of  a  condenser  through  a  low 
resistance  circuit  is  oscillatory  in  nature.*"  Amongst  other  things, 
Henry  noticed  the  power  of  condenser  discharges  to  induce  secondary 
currents  which  could  magnetize  steel  needles  even  when  a  great 
distance  separated  the  primary  and  secondary  circuits.  He  employed 
this  magnetization  to  test  the  direction  of  the  secondary  currents, 

*•  See  "The  Scientific  Writings"  of  Joseph  Henry,  vol.  i.  pp.  208,  298;  also 
Pi-oceedings  of  the  American  Assoc,  for  Advancement  of  Science,  1850,  vol.  iv. 
pp.  877,  878,  Joseph  Henry,  «  On  the  Phenomena  of  the  Leyden  Jar."  The  effect 
of  the  oscillaton-  discharge  on  a  magnetized  needle  is  clearly  described  in  this 
paper. 
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and  he  was  followed  in  the  same  field  of  research  hy  Abria,  Marianini, 
Riess,  and  Matteucci. 

In  1B70  Lord  Rayleigh,  in  discussing  some  electromagnetic 
phenomena,  pointed  out  that  the  resultant  magnetic  effect  of  an 
oscillatory  discharge  depends  upon  the  direction  of  the  maximum 
value  of  the  current  during  the  oscillation,  and  also  that  there  may 
he  superimposed  magnetic  eflFects  in  the  same  needle." 

In  1895  the  subject  was  again  taken  up  by  Professor  E.  Ruther- 
ford, and  in  a  very  able  paper,  pubhshed  in  1896,  he  described 
experiments  he  had  made  on  the  subject.'" . 

It  is  a  familiar  fact  that  if  a  soft  iron  bar  is  magnetized  and  then 
removed  from  the  field,  it  preserves,  in  virtue  of  retentivity,  its 
magnetization  after  the  magnetizing  force  is  withdrawn.  Also  it  is 
known  that  if  the  iron  is  pure  and  annealed,  its  coercivity  is  small, 
that  is  to  say,  a  very  small  mechanical  shock  or  twist  is  sufficient  to 
destroy  its  magnetization.  Physicists  were  also  aware  that  discharges 
of  a  Ley  den  jar  passed  through  the  iron  could  act  like  mechanical 
shocks  and  rerbove  the  feebly  held  residual  magnetization. 

Rutherford  found  that  electric  oscillations  sent  through  a  coil  sur- 
rounding a  very  small  steel  or  iron  needle  which  had  been  magnetized 
to  saturation  could  more  or  less  demagnetize  it,  and  after  examining 
with  care  the  best  conditions,  he  made  a  detector  for  electric  oscilla- 
tions as  follows : — 

About  twenty  pieces  of  fine  steel  wire  0*007  cm.  in  diameter,  each 
about  1  cm.  long,  and  insulated  from  each  other  by  shellac  varnish, 
formed  the  detector  needle  used.  A  fine  copper  wire  insulated  with 
silk  was  wound  directly  over  the  needle  in  two  layers,  and  making  in 
all  eighty  turns.  As  the  solenoid  was  of  very  small  diameter,  about 
15  cms.  of  wire  served  to  wind  the  coil.  This  small  detector  was 
fixed  at  the  end  of  a  glass  tube,  which  was  itself  fixed  on  a  wooden 
base,  the  terminals  of  the  detector  coil  being  brought  out  to  mercury 
cups.  To  the  ends  of  this  solenoid  were  attached  two  long  rods 
which  served  as  electric  wave  collectors,  and  in  which  the^bscillations 
were  set  up.  The  detector  needle  was  strongly  magnetized  and  then 
placed  inside  the  oscillation  coil,  and  a  small  magnetic  needle  with 
attached  mirror  set  up  near  its  end.  The  residual  magnetism  in  the 
bundle  of  steel  wires  caused  a  deflection  of  the  magnetometer  needle. 
Some  distance  away  a  Hertz  oscillator  was  set  up,  and  when  this 
was  in  action  the  oscillations  created  in  the  receiver  rods  caused  a 
partial  demagnetization  of  the  steel  detector  needle,  and  a  correspond- 
ing deflection  of  the  magnetometer  needle.  These  experiments  were 
conducted  at  Cambridge  (England)  in  1895,  and  Rutherford  found 
he  was  able  to  aflFect  the  above  described  detector  when  the  Hertz 
oscillator  was  at  a  distance  of  half  a  mile  away  across  the  town. 
Rutherford  employed  this  magnetic  detector  for  examining  many 
phenomena  connected  with   electric   oscillations,  and   in   particular 

"  See  Lord  Rayleigh  (Hon.  J.  W.  Strutt),  "On  Some  Electromagnetic 
Phenomena,'*  Phil.  Mag.,  ser.  4,  vol.  88,  p.  8 ;  also  Phil.  Mag.,  1870,  ser.  4,  vol.  39, 
p.  431. 

"  Prof.  E.  Rutherford,  "  A  Magnetic  Detector  of  Electrical  Waves  and  Some 
of  its  Applications,"  Phil.  Trans.  Hoy.  Soc.  Lond.,  1897,  vol.  189,  A.,  p.  1 ;  also 
Proc.  Roy.  Soc.  Lotid.,  1896,  vol.  60,  p.  184. 
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investigated  by  its  aid  the  damping  of  electric  oscillations  as  already 
described  (see  Chap.  III.  §  4). 

In  1897  Professor  E.  \Vilson  took  up  the  subject  and  constructed 
a  detector  consisting  of  a  bundle  of  fine  steel  wires,  wound  over  with 
two  helices  of  insulated  wire,  one  to  convey  the  electric  oscillations 
and  the  other  to  carry  a  magnetizing  current.  His  object  was  to  be 
able  to  remagnetize  the  detector  by  a  battery  current  without  remov- 
ing it  from  its  place,  and  he  also  patented  an  arrangement  whereby 
the  deflection  of  the  magnetometer  needle  closed  a  circuit  which 
remagnetized  the  detector  needle  and  left  it  ready  to  detect  another 
wave  or  oscillation.^ 

Success  in  these  experiments  depends  upon  attention  to  the 
details  of  construction  of  the  detector  needle.  The  steel  wire  used 
must  be  exceedingly  thin.  As  the  de- 
magnetizing oscillations  are  very  rapid, 
their  magnetizing  effect  penetrates  but  a 
very  little  way  into  the  mass  of  the  metal, 
and  therefore  the  proportion  of  the  mag- 
netism removed  will  be  very  small  unless 
the  wires  are  exceedingly  thin.  In  the 
next  place,  the  bundle  must  be  short,  so 
that  the  self-demagnetizing  force  is  large, 
and  under  these  conditions  the  residual 
magnetism  is  easily  wiped  out. 

The  effect  observed  is  that  due  to  the 
first  oscillation,  the  magnetizing  direction 
of  which  is  such  as  to  tend  to  annul  the 
existing  residual  magnetization  of  the  iron. 

In  1902  Mr.  Marconi  described  two 
other  forms  of  magnetic  cymoscope,  one 
of  which  he  has  since  used  extensively  for 
long-distance  electric  wave  telegraphy.** 
These  instruments  depend  upon  the  fact 
that  when  electric  oscillations  take  place 
in  a  coil  surrounding  a  bundle  of  iron  or 
steel  wires,  they  annul  in  part  or  in 
whole  its  magnetic  hysteresis.  The  first 
form  of  detector  described  by  Marconi  is 
as  follows:  On  a  rod  or  core  consisting 
of  thin  iron  wires  are  wound  one  or  two 
layers  of  thin  insulated  copper  wire.  On  this  winding  insulating 
material  is  placed,  and  over  this  again  another  longer  winding  of 
insulated  copper  wire.  The  inner  core  is  traversed  by  the  electrical 
oscillations,  and  when  used  as  a  telegraphic  cymoscope  is  connected 
in  between  the  aerial  wire  and  the  earth. 

The  other  coil  is  connected  to  a  telephone.  Near  the  ends  of  the 
core  is  placed  a  horseshoe  permanent  magnet,  which  is  made  to  rotate 

"  Seo  British  Patent  Specification,  E.  Wilson  and  C.  J.  Evans,  No.  30,846  of 
1897 ;  also  The  Electrician,  June  12, 1903,  vol.  61,  p.  330. 

**  See  G.  Marconi,  "  Note  on  a  Magnetic  Detector  of  Electric  Waves  which  can 
be  employed  as  a  Receiver  in  Space  Telegraphy,"  Proc.  Hoy.  Soc.  Land.,  1902, 
vol.  70,  p.  341 ;  or  British  Patent  Specification,  No.  10,245  of  1902. 


Fig.  17. — Marconi's  Magnetic 
Cymoscope.    {First  form.) 
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slowly  by  clockwork  (see  Fig.  17).  If  then  the  inner  coil  is  traversed 
by  a  train  of  electrical  oscillations,  the  magnetic  state  of  the  iron-wire 
bundle  is  suddenly  altered,  and  a  sudden  click  or  sound  is  heard  in 
the  telephone.  If  trains  of  oscillations  are  sent  for  longer  or  shorter 
periods,  these  sounds  in  the  telephone  run  together  into  a  continuous 
sound,  and  long  and  short  sounds  may  be  arranged  into  a  code  of 
audible  signals  on  the  Morse  system. 

Marconi  found  that  a  better  and  more  convenient  plan  was  one 
in  which  the  iron  moves  and  the  magnet  remains  fixed.  In  this 
second  arrangement  (see  Fig.  18)  there  are  two  wooden  discs, 
e,  e,  grooved  on  the  edge,  and  these  are  driven  round  slowly  by  clock- 
work. An  endless  band,  a,  made  of  a  bundle  of  fine  silk-covered  iron 
wires,  is  arranged  like  a  belt  over  these  wooden  pulleys,  and  the 
multifold  iron  band  moves  forward  at  the  rate  of  7  or  8  cms.  per 
second.  At  one  or  more  places  the  iron  band  passes  through  glass 
tubes,  (J,  h.  These  are  woimd  over  with  a  coil  of  insulated  wire,  through 
which  the  electric  oscillations  pass,  whilst  over  this  is  wound  a  longer 

coil  of  insulated  wire,  c,  con- 
nected to  a  telephone,  T.  A 
pair  of  horseshoe  magnets 
are  placed  with  similar  poles 
together  opposite  the  last- 
mentioned  coil. 

When  the  band  is  driven 
forward  the  portion  of  the 
band  nearly  opposite  to  the 
magnet  poles  becomes  mag- 
netized, but,  owing  to  mag- 
netic retentivity  or  hysteresis, 
that  portion,  in  virtue  of  the 
motion  of  the  band,  is  shifted 
forward  in  the  direction  of 
rotation,  and  is  not  therefore 
situated  symmetrically  with 
respect  to  the  poles.  If  an 
electric  oscillation  passes  through  the  oscillation  coil,  it  annuls  the 
hysteresis  of  the  iron,  and  this  magnetized  portion  slips  back  suddenly 
into  a  position  exactly  opposite  to  the  magnetic  poles.  This  amounts 
to  moving  a  magnetic  pole  through  the  coil  connected  with  the  tele- 
phone, and  it  creates  an  induced  current  in  this  latter  coil,  and  hence 
a  sound  in  the  telephone.  The  extreme  sensitiveness  of  the  telephone 
to  induced  currents  bestows  upon  the  whole  apparatus  a  very  great 
power  of  detecting  feeble  electrical  oscillations.  When  used  to  detect 
electric  waves,  the  oscillation  coil  is  connected  in  between  two  aerial 
wires  or  between  one  aerial  wire  and  the  earth. 

The  sensitiveness  of  the  instrument  greatly  depends  upon  the 
setting  of  the  magnet.  Several  demagnetizing  coils  may  be  used  on 
the  same  band  of  iron,  each  overwound  with  a  telephone  coil,  and 
these  latter  may  be  joined  in  either  scries  or  parallel. 

Mr.  Marconi  states  that  this  magnetic  detector  is  more  sensitive 
and  certain  in  its  action  and  much  more  easy  to  adjust  than  any 
coherer,  and  more  suitable  for  use  in  syntonic  telegraphy. 


Fig.  18.— Marconi  Magnetic  Detector  or 
Cymoscope.    (Second  form.) 
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Professor  E.  Wilson"  also  constructed  a  magnetic  detector,  in 
which  reversals  of  magnetism  were  produced  by  a  commutator  in  a 
bundle  of  iron  wires.  On  this  bundle  was  also  wound  a  demagnetiz- 
ing coil,  through  which  the  oscillations  passed,  and  a  secondary  coil 
in  series  with  a  telephone.  The  principle,  however,  remains  the  same. 
Owing  to  hysteresis,  the  magnetic  changes  in  the  iron  lag  behind  the 
magnetizing  force.  The  action  of  the  oscillatory  field  is  to  annul 
suddenly  the  hysteresis  whilst  the  oscillations  are  taking  place,  and 
the  beginning  of  the  process  makes  a  change  in  the  induction  or  flux 
linked  with  the  secondary  coil,  and  this,  again,  makes  itself  felt  as  a 
sound  in  the  telephone. 


fHiin  E 


'  The  EUetrical  Magasine,** 

Fig.  196. 

Fleming  Magnetic  C>Tno8cope.  Fig.  19ci.— Bobbin,  Cores,  and  Commutator. 
Fig.  196.— A  Single  Iron  Wire  Core  overwound  with  Magnetizing  and  De- 
magnetizing Solenoids. 

The  author  has  also  devised  a  form  of  magnetic  detector  suitable 
for  quantitative  work,  made  as  follows :— ** 

On  a  pasteboard  tube,  about  0*75  of  an  inch  (18  mm.)  in  diameter 
and  5  or  6  inches  long  (15  cms.),  are  placed  six  bobbins  of  hard  fibre, 
each  of  which  contains  about  6000  turns  of  No.  40  silk-covered  copper 
wire  (see  Fig.  19tt).  These  bobbins  are  joined  in  series,  and  form  a 
well-insulated  secondary  coil,  having  a  resistance  of  about  6000  ohms. 
In  the  interior  of  this  tube  are  placed  seven  or  eight  small  bundles  of 
iron  wire,  each  about  6  inches  in  length,  each  bundle  being  composed 

**  See  Prof.  E.  Wilson,  British  Association  Report,  1902 ;  or  The  Electrician j 
September  29, 1902 ;  or  British  Patent  Specification,  No.  14,829  of  1902. 

*•  Sec  J.  A.  Fleming,  "  A  Note  on  a  Form  of  Magnetic  Detector  for  Hertzian 
Waves  adapted  for  Quantitative  Work,"  Proc.  Roy.  Soc.  Land.,  1908,  vol.  74, 
p.  398. 
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of  eight  wires,  No.  26  S.W.G.  in  size,  previously  well  paraffined  or 
painted  with  shellac  varnish.  Each  little  bundle  of  iron  is  wound 
over  uniformly  with  a  magnetizing  coil  formed  of  No.  36  silk-covered 
copper  wire  in  one  layer,  and  over  this,  but  separated  from  it  by  one 
or  two  layers  of  gutta-percha  tissue,  is  wound  a  single  layer  of  No.  26 
wire,  forming  a  demagnetizing  coil.  This  last  coil  is  in  turn  covered 
over  with  one  or  two  layers  of  gutta-percha  tissue  (see  Fig.  19b). 

The  magnetizing  or  inner  coils  are  connected  in  series  with  one 
another,  so  that  when  a  current  passes  through  the  whole  of  them, 
it  magnetizes  the  whole  of  the  wires  in  such  a  manner  that  contiguous 
ends  have  the  same  polarity.  The  outer  or  demagnetizing  coils  are 
joined  in  parallel.  Associated  with  this  induction  coil  is  a  rotating 
commutator,  C,  consisting  of  a  number  of  hard  fibre  discs,  secured  on 
a  steel  shaft,  which  is  rotated  by  an  electric  motor  about  500  times  a 
minute.  There  are  four  of  these  fibre  discs,  and  each  disc  has  let 
into  its  periphery  a  strip  of  brass,  occupying  a  certain  angle  of  the 
circumference.  These  wheels  may  be  distinguished  as  Nos.  1,  2,  3, 
and  4.  The  brass  sector  of  No.  1  occupies  95°  of  its  circumference ; 
the  brass  sectors  of  Nos.  2  and  3  occupy  135°  of  their  circumference ; 
and  that  of  No.  4  disc  140°  of  its  circumference.  Four  little  springy 
brass  brushes.  Si,  S.2,  S,,,  S4,  make  contact  with  the  circumference  of 
these  wheels,  and  therefore  serve  to  interrupt  or  make  electric  circuits 
as  the  disc  revolves.  The  function  of  the  disc  No.  1  is  to  make  and 
break  the  circuit  of  the  magnetizing  coils  placed  round  the  iron  bundles, 
and  thus  to  magnetize  them  during  a  portion  of  one  period  of  rotation 
of  the  discs,  and  leave  them  magnetized  during  the  remaining  portion. 
The  function  of  discs  2  and  3  is  to  short-circuit  the  terminals  of  the 
secondary  coil  of  the  bobbin  during  the  time  that  the  magnetizing 
current  is  being  applied  by  disc  No.  1.  A  sensitive  movable  coU 
galvanometer,  G,  is  employed  in  connection  with  the  secondary  coil, 
one  terminal  of  the  galvanometer  being  permanently  connected  to  one 
terminal  of  the  secondary  coil,  and  the  other  termilial  connected 
through  the  intermittent  contact  made  by  the  disc  No.  4.  This  disc 
No.  4  is  so  set  that  during  the  time  that  the  secondary  coil  is  short- 
circuited,  and  whilst  the  battery  current  is  being  applied  to  magnetize 
the  iron-wire  bundles,  the  galvanometer  circuit  is  interrupted  by  the 
contact  on  disc  No.  4. 

The  operations  which  go  on  during  one  complete  revolution  of  the 
discs  is  as  follows:  First  the  magnetizing  current  of  a  battery  of 
secondary  cells  is  applied  to  magnetize  the  iron  bundles,  and  during 
the  time  the  terminals  of  the  fine-wii'e  secondary  coil  are  short- 
circuited,  and  the  galvanometer  is  disconnected.  Shortly  after  the 
magnetizing  current  is  interrupted,  the  secondary  bobbin  is  unshort- 
circuited,  and  an  instant  afterwards  the  galvanometer  circuit  is  com- 
pleted, and  remains  completed  during  the  remainder  of  one  revolution. 
Hence,  during  a  large  part  of  one  revolution,  the  iron-wire  bimdles 
are  left  magnetized,  but  the  magnetizing  current  is  stopped,  and  the 
galvanometer  is  connected  to  the  secondary  coil.  li  during  this 
period  an  electrical  oscillation  is  passed  through  the  demagnetizing 
coils,  an  electromotive  force  is  induced  in  the  secondary  bobbin  by 
the  demagnetization  of  the  iron,  and  causes  a  deflection  of  the  galvano- 
meter coil.      Since  the  interrupter  discs   are  rotating  very  rapidly, 
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if  the  electrical  oscillation  continues,  these  intermittent  electromotive 
impulses  produce  the  effect  of  a  continuous  current  in  the  galvano- 
meter circuit,  resulting  in  a  steady  deflection,  which  is  proportional 
to  the  demagnetizing  force  .being  applied  to  the  iron,  other  things 
remaining  equal.  If  the  oscillation  lasts  only  a  very  short  time,  the 
galvanometer  will  make  a  small  deflection ;  but  if  the  oscillation  lasts 
for  a  longer  time,  then  the  galvanometer  deflection  is  larger,  and  tends 
to  become  steady. 

In  the  numerous  experiments  which  finally  resulted  in  the  con- 
struction of  the  above-described  form  of  wave  detector,  it  was  found 
to  be  essential  to  have  the  iron  core  in  the  form  of  a  number  of  small 
bundles  of  iron  wire,  each  wound  over  with  its  own  magnetizing  and 
demagnetizing  coil.  No  good  results  could  be  obtained  when  the 
iron  core  was  in  the  form  of  a  large  bundle,  say  half  an  inch  in 
diameter,  and  enveloped  by  a  single  magnetizing  and  demagnetizing 
coil. 

Another  condition  of  success  is  the  short-circuiting  of  the  fine- wire 
secondary  coil  during  passage  of  the  current  which  effects  the  magneti- 
zation of  the  iron  core.  The  core  can  be  indefinitely  increased  in 
size,  provided  the  augmentation  of  mass  is  obtained  by  multiplying 
small  individual  cores,  each  consisting  of  not  more  than  eight  or  ten 
fine  iron  wires,  and  each  wound  over  with  a  separate  magnetizing 
and  demagnetizing  coil.  The  electromotive  force  in  the  secondary 
coil  can  in  this  manner  be  increased  as  much  as  is  desired,  and  a  very 
sensitive  electric  wave  detector  suitable  for  quantitative  work  con- 
structed. The  commutator  can  be  driven  either  by  an  electric  motor 
or  clockwork,  or  any  other  source  of  power. 

This  detector  has  been  employed  by  V.  Buscemi  (see  Nmve  Cinienio, 
February,  1905,  vol.  9,  p.  105)  for  quantitative  measurements  on  the 
transparency  of  various  dielectrics.  An  oscillator  was  placed  in  a 
metal  box  having  a  rectangular  opening  35  X  40  mm.  in  size,  and 
over  this  was  placed  a  glass  trough  filled  with  various  liquids  to  the 
depth  of  6  mm.  The  following  table  shows  the  deflection  of  the 
galvanometer  which  was  connected  to  a  Fleming  magnetic  cymoscope 
as  above  described : — 

Liquid  or  dielectric  In  OalvaDometer  deflection 

troagb.  in  milllmetree. 

Air 21 

Vaseline 22 

Petroleum 16 

Benzine 17 

^ther 12 

Sulphuric  acid 0 

Hydrochloric  acid 0 

Nitric  acid  • 0 

Distilled  water 7 

Sea  water 0 

Sodium  chloride  in  water,  0'5  per  cent,  solution  .  1*5 

Ditto,  over  1  per  cent,  solution 0 

Professor  Wilson  states"  that  Rutherford  employed  a  moving 
band  of  iron  wire  in  a  magnetic  detector  in  1900  or  1901.     Also,  it 

*'  See  E.  Wilson,  "  On  Magnetic  Detectors  in  Space  Telegraphy,"  Illustrated 
Scientific  NewSj  August,  1908. 

2  c 
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has  been  asserted  that  Professor  Fessenden,  in  the  United  States,  was 
an  early  worker  in  this  field  of  research. 

From  the  above  facts  it  will  be  seen  that  the  magnetic  detector  in 
all  its  forms  is  essentially  an  alternating  current  ammeter.  The 
coherer  is  primarily  an  electromotive  force  detector  or  voltmeter, 
because  its  action  depends  upon  a  difference  of  potential  created 
between  its  terminals.  The  magnetic  detector,  on  the  other  hand,  is 
a  current-affected  instrument,  and  its  proper  position  in  an  aerial  or 
receiving  circuit  is  at  an  antinode  or  place  of  current  maximum. 

A  reduction  in  magnetic  hysteresis  does  not  invariably  accompany 
the  action  of  the  electric  oscillations  on  iron  or  steel.  Walter  and 
Ewing  discovered  that  in  hard  steel  an  increase  of  hysteresis  results 
when  oscillations  are  sent  through  the  metal.  Their  experiments 
were  made  with  an  apparatus,  described  below,  in  which  a  steadily 
revolving  magnetic  field  tends  to  cause  rotation  in  an  iron  or  steel 
specimen  suspended  in  it  owing  to  the  magnetic  hysteresis.  The 
torque  so  produced  is  resisted  by  the  control  of  an  elastic  spring. 
When  electric  oscillations  were  passed  through  a  closed  coil  of  hard- 
drawn  insulated  steel  wire,  used  as  a  specimen  in  such  a  manner,  it 
was  found  that  the  hysteresis  of  the  metal  was  increased,  and  that  it 
tended  to  twist  more  in  the  direction  of  rotation  of  the  magnet.  We 
take  the  following  description  of  their  investigations  from  a  paper 
read  before  the  Royal  Society .'^ 

"  A  small  bobbin  was  wound  with  insulated  soft  iron  wire,  and  the  ends  sol- 
dered to  the  upper  and  lower  halves  of  a  spindle  which  was  itself  divided  at  the 
centre,  the  upper  half  bearing  a  controlling  spring,  and  the  lower  dipping  into 
mercury,  from  which  a  connection  led  to  the  other  terminal.  On  passing  oscilla- 
tions through  this  winding  a  remarkable  and  unexpected  result  was  obtained. 
The  change  of  deflection  was  much  more  marked  than  in  the  former  experiments, 
and  was  in  the  opposite  sense  indicating  an  increase  of  hysteresis  while  oscillations 
were  present.  Afterwards,  hard  steel  wire  was  substituted  for  the  soft  iron,  and 
a  very  great  increase  in  the  efiEect  was  observed,  still  in  the  same  direction — that 
of  increase  of  hysteresis. 

"  Owing  to  these  encouraging  results,  it  was  decided  to  continue  the  experiments 
in  this  direction,  abandoning  the  older  form,  in  which  a  decrease  of  hysteresis  was 
dealt  with.  The  first  bobbin  constructed  was  about  -^  inch  in  external  diameter, 
and  had  a  vertical  wire  space  of  \  inch.  The  winding  was  a  single  No.  82-gauge 
iron  wire,  double  cotton-covered,  woimd  straight  round  from  beginning  to  end. 
Later,  No.  40  and  No.  46  steel  wires  were  employed,  of  which  the  latter  gave  the 
best  results. 

*'  It  was  soon  noticed  that  any  method  of  increasing  the  oscillatory  current  in 
the  wires,  as  by  winding  the  bobbin  with  two  wires  having  a  slightly  unequal 
number  of  turns,  was  of  advantage  in  giving  a  larger  deflection.  Later,  a  fine 
copper  wire  secondary,  wound  on  the  bobbin  parallel  to  the  magnetic  wire,  was 
tried,  first  with  the  ends  insulated  and  then  with  the  ends  soldered  together.  A 
marked  increase  in  deflection  was  observed  when  the  secondary  was  closed,  show- 
ing that  the  magnetic  nature  of  the  wire  itself  was  influential.  Accordingly,  a 
bobbin  was  then  wound  with  insulated  steel  wire,  doubled  back  on  itself.  This 
non-inductive  winding  gave  by  far  the  best  results  hitherto  attained,  and  is  now 
used,  except  when  special  results  are  required. 

"  The  instrument,  though  described  as  a  detector  of  electrical  oscillations,  may 
be  said  to  measure  rather  than  detect,  giving  quantitative  as  well  as  qualitative 
results,  and  being  capable  of  regulation  from  a  sensibility  of  the  same  order  as 
that  of  an  average  coherer,  down  to  practical  insensibility  to  powerful  sparks  in 
the  same  room. 

"  See  L.  H.  Walter  and  J.  A.  Ewing,  Proc.  Boy,  Soc.  Lond.,  1904,  vol.  78, 
p.  120. 
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*'  In  the  instrument  (see  Fig.  20)  the  electro-magnet  takes  the  form  of  a  ring 
capable  of  moving  round  a  vertical  axis,  and  is  provided  on  the  interior  with  two 
long  wedge-shaped  pole  pieces,  M,  M,  the  current  to  the  winding  being  supplied 
through  brushes  bearing  against  insulated  rings  below.  The  magnet  is  made  to 
revolve  by  an  electro-motor,  the  best  speed  being  about  five  to  eight  revolutions 
per  second,  but  the  electro -magnet  may  be  replaced  by  a  permanent  magnet 
system  giving  a  similar  field.  A  structure  is  built  up,  external  to  the  magnet,  to 
support  the  vessel  containing  the  pivoted  bobbin  and  its  centring  arrangements. 
The  bobbin  itself  is  made  of  bone,  and  is  about  2  inches  long.  It  is  provided 
with  a  steel  spindle  at  each  end  bearing  in  a  jeweled  hole,  the  two  halves  of  the 
spindle  being  insulated  from  one  another.  The  winding,  which  is,  as  far  as 
possible,  non-inductive,  consists  of  about  500  turns  of  No.  46-gauge  hard-drawn 


Fig.  20.— Walter  and  Ewing  Magnetic  Cymoscope. 

steel  wire,  insulated  with  silk.  The  bobbin  is  immersed  in  petroleum,  or  a  mixture 
of  petroleum  with  thicker  mineral  oil,  which  serves  the  double  purpose  of  fortifying 
the  insulation,  and  giving  the  damping  effect  necessary  to  steady  the  deflection 
due  to  the  drag  of  the  revolving  magnet.  Headings  are  taken  by  means  of  a  spot 
of  light,  as  with  speaking  mirror  galvanometers,  but  a  siphon-recording  attach- 
ment has  been  fitt^,  and  any  form  of  contact  for  working  a  relay  can  be  employed. 

"  The  detector,  as  before  mentioned,  gives  quantitative  readings,  and  in  some 
cases  the  deflection  may  be  too  large  to  be  easily  read  by  the  scale.  For  this 
purpose  a  variable  shunt  is  provided,  by  which  the  deflection  can  bo  regulated. 

*'  For  the  purpose  of  wireless  telegraphy,  the  instrument  has  the  advantage  of 
giving  metrical  effects.  The  benefit  of  this  in  facilitating  tuning,  and  in  other 
respects,  need  not  be  insisted  upon. 

"  From  the  physical  point  of  view,  the  augmentation  of  hysteresis  is  interesting 
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and  unlooked  for.  It  is  probably  to  be  ascribed  to  tbis,  tbat  the  oscillatory 
circular  magnetization  facilitates  the  longitudinal  magnetizing  process,  enabling 
the  steel  to  take  up  a  much  larger  magnetization  at  each  reversal  than  it  would 
otherwise  take,  and  thus  indirectly  augmenting  the  hysteresis  to  such  an  extent 
that  the  direct  influence  of  the  oscillations  in  reducing  it  is  overpowered.  The 
net  result  appears  to  be  dependent  on  two  antagonistic  influences,  and,  in  fine 
steel  wire,  under  the  conditions '  of  our  experiment,  the  influence  making  for 
increased  hysteresis,  as  a  result  of  the  increased  range  of  magnetic  induction,  is 
much  the  more  powerful." 

9.  References   to  Other   Work  on   Ha^etio  CymoBCopes. 

— Experiments  have  been  made  by  A.  L.  Foley**  to  ascertain  the 
effect  of  substituting  other  magnetic  metals  for  iron  in  the  Marconi 
form  of  magnetic  detector.  He  found  tbat  nickel  wires  could  be  used 
in  place  of  iron,  and  states  tbat  a  mixed  core  or  band  composed  partly 
of  nickel  and  partly  of  iron  wires  acted  better  than  one  of  either  metal 
alone.  Probably  in  view  of  the  well-known  fact  that  some  varieties 
of  Tungsten  steel  possess  very  large  hysteresis  constants,  it  may  be 
found  that  some  iron  alloys  wUl  do  better  for  this  purpose  than  pure 
iron  wire,  even  if  hardened.  MM.  H.  T.  Simon  and  M.  Eeich  have 
made  interesting  experiments  with  a  combination  of  magnetic  wave 
detector  and  a  Poulsen  telegraphone.*" 

If  a  steel  wire  is  uniformly  magnetized  by  passing  it  over  a 
magnetic  pole,  and  if  this  wire  is  then  sent  through  a  short  glass  tube, 
on  which  is  wound  a  coil  of  insulated  wire,  through  which  trains  of 
electric  oscillations  are  sent  at  intervals  for  a  longer  or  shorter  time, 
each  train  wipes  out  the  magnetism  of  the  iron  wire  in  that  part  which 
is  at  the  moment  within  the  coil.  Hence,  if  the  wire  passes  uniformly 
through  the  coil  we  can,  so  to  speak,  obliterate  the  magnetism  for  long 
or  short  spaces,  in  accordance  with  the  signals  of  the  Morse  alphabet, 
by  so  regulating  the  duration  of  the  trains. 

If  this  steel  wire  is  then  passed  uniformly  through  the  receiving 
or  repeater  part  of  a  Poulsen  Telegraphone,  the  Ustener  in  the  attached 
telephone  hears  these  signals  as  sounds  in  the  telephone,  and  the  wire 
becomes  a  record  of  the  message,  like  the  Morse  tape  of  a  printing 
telegraph. 

Other  investigations  have  also  been  made  by  M.  0.  Tissot,  on  forms 
of  magnetic  detector  suitable  for  the  detection  of  electrical  oscillations. 
(See  Comptes  Beiidus,  1903,  vol.  136,  p.  361 ;  or  Science  Ahsirads,  1904, 
vol.  7,  A.,  p.  107).  Also  we  may  note  a  paper  by  M.  Maurain,  on  the 
"  Suppression  of  Magnetic  Hysteresis  by  the  Action  of  an  Oscillatory 
Magnetic  Field"  {Comptes  Eendus,  1903,  vol.  137,  p.  917;  or  Science 
Abstracts,  1904,  vol.  7,  A.,  p.  108). 

M.  P.  Dehem  has  also  discussed  the  annulment  of  hysteresis  by  an 
oscillatory  magnetic  field  (Comptes  Eendiis,  1903,  vol.  137,  p.  1022; 
or  Science  Abstracts,  1904,  vol.  74,  p.  108). 

A.  Sella  {Accad,  Lincei  Alti,  1903,  vol.  12,  p.  340;  or  Science 
Abstracts^  1904,  vol.  7,  A.,  p.  344)  has  noticed  that  electric  oscillations 
can  also  annul  the  magnetic  hysteresis  due  to  deformation  by  twisting, 
or,  as  it  is  called,  the  magneto-elastic  hysteresis. 

»•  See  A.  L.  Foley,  Physical  Revieto,  1904,  vol.  18,  p.  349 ;  also  Science  Abstracts, 
1904,  vol.  7,  A.,  p.  460. 

••  See  Elektrotechnische  Zeitschrift,  1904,  vol.  22,  p.  180;  or  Sci&nce  Abstracts, 
1904,  vol.  7,  B.,  p.  426. 
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Additional  information  on  magnetic  cymoscopes  for  telegraphic 
purposes  devised  by  Fessenden,  De  Forest,  and  Shoemaker  is  given 
in  Chapter  VIII.  of  this  treatise. 

A  general  account  of  magnetic  detectors  or  cymoscopes  has  been 
given  by  L.  H.  Walter  in  Technics  for  August,  1905,  and  in  the 
Ekdiical  Magazine  for  December,  1906,  vol.  4,  p.  359. 

10.  Electrolytic  CymoBCopeB. — A  third  class  of  electric  wave 
detectors  depend  for  their  action  upon  the  power  possessed  by  electric 
oscillations  to  affect  the  polarization  of  small  metallic  surfaces  immersed 
in  an  electrolyte. 

One  of  the  earUest  observations  on  this  matter  was  made  in  1898, 
by  A.  Neugschwender.*^  He  deposited  on  a  sheet  of  glass  a  strip  of 
silver,  and  divided  it  into  two  parts  by  a  sharp  cut  about  03  mm. 
vdde  made  with  a  razor.  The  two  parts  were  then  connected  in  series 
with  a  battery,  telephone,  and  galvanometer.  If  the  glass  was  dry 
no  current  passed,  since  the  silver  strip  was  cut  in  the  middle.  If  a 
film  of  moisture  was  deposited  on  the  glass,  then  a  current  passed, 
and  the  galvanometer  deflected.  Then,  if  electric  waves  fell  upon  an 
aerial  wire  or  collecting  wires  connected  to  the  two  parts  of  the  divided 
strip  of  silver,  and  set  up  oscillations  across  the  gap,  the  galvanometer 
showed  a  sudden  decrease  in  the  current,  and  a  sound  was  heard  in 
the  telephone. 

The  same  phenomenon  was  investigated  by  E.  Aschkinass  (JVieiL 
AniuUm,  vol.  67,  p.  842)  and  by  L.  de  Forest  in  1899.**  The  latter 
found  that  tinfoil  gave  a  better  result  than  silver. 

The  above  observers  examined  the  effect  through  the  microscope, 
and  the  latter  saw  the  production  of  bridges  or  filaments  of  tin  pro- 
duced by  electrolysis  extend  across  the  narrow  gap.  The  operation 
of  the  oscillation  seems  to  be  to  break  up  these  "  trees  "  or  "  bridges  " 
of  metal,  and  so  suddenly  reduce  the  current  flowing  across  the  gap. 

A  variety  of  wave-detecting  devices  have  since  been  invented  which 
depend  upon  electrolysis.  One  of  these  is  that  of  De  Forest  and 
Smythe.®  In  this  arrangement  a  tube,  G,  contains  two  small  electrodes 
like  plugs,  which  may  be  made  of  tin,  silver,  or  nickel,  or  other  metal. 
The  ends  of  these  plugs  may  be  flat,  and  separated  from  each  other 
by  about  ^  inch.  Sometimes  the  ends  of  these  plugs  are  made 
cup-shaped,  and  the  cup  or  recess  filled  with  a  mass  of  peroxide  of 
leaii  and  glycerine  (see  Fig.  21).  In  the  interval  between  the  elec- 
trodes is  placed  an  electrolizable  mixture  which  consists  of  glycerine 
or  vaseline  mixed  with  water  or  alcohol,  and  a  small  quantity  of 
litharge  and  metallic  filings.  These  metaUic  filings  act  as  secondary 
electrodes.  When  a  small  electromotive  force  is  applied  to  the  ter- 
minals of  the  electrodes  of  this  tube,  through  a  very  high  resistance,  E, 
of  20,000  or  30,000  ohms,  a  telephone  being  included  in  the  circuit,  an 

•*  See  "  A  New  Wave  Detector,"  A.  Neugachwender,  Wied.  Ann,  der  Physik, 
1899,  vol,  67,  p.  430 ;  also  Science  Abstracts,  1899,  vol  U.  p.  232 ;  or  German 
Patent  Specification,  No.  107,843  of  December  18,  1898 ;  or  Electrical  Review, 
May  26,  1899,  vol.  41. 

••  See  L.  de  Forest,  "  Electrolytic  Receivers  in  Wireless  Telegraphy."  Paper 
read  before  the  St.  Louis  International  Electrical  Congress,  1904.  See  also  The 
Electrician,  1904,  vol.  64,  p.  94. 

"  See  U.S.A.  Patent  Specifications,  No.  716,000  and  No.  716,384,  applied  for 
July  6,  1901.    The  equivalent  British  patent  is  No.  10,452  of  May  6, 1902. 
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exceedingly  small  current  passes  through  this  mixture,  and  causes  an 
electrolytic  action  which  results  in  the  production  of  chains  of  metallic 

particles  connecting  the  two  elec- 
trodes together.  If,  in  addition 
to  this  battery  circuit,  one  terminal 
or  electrode  of  the  cell  is  con- 
nected to  an  aerial  wire,  A,  and 
the  other  terminal  to  the  earth, 
E,  then,  on  the  arrival  of  an 
electric  wave  creating  oscillations 
in  the  wire,  these  oscillations  pass 
down  into  the  electrolytic  cell, 
where  they  break  up  the  chains 
of  metallic  particles,  and  this 
interrupts  the  current  passing 
through  the  telephone  quite  sud- 
denly. This  action  is  heard  as  a 
shght  tick  by  an  ear  applied  to 
the  telephone.  As  soon  as  the 
wave  ceases  the  chain  of  metallic 
particles  is  re-established,  so  that 
the  appliance  is  always  in  a  con- 
This  breaking  up  reformation  of  the 


t 


.r 


Fig. 


R       B 

— ^ — wvwnh|iH 

21.— Be  Forest  Electrolytic 
Cymoscope. 


dition  to  be  affected  by  a  wave. 

chains  of  metallic  particles  is  so  rapid  that  a  short  spark  made  at  the 

transmitting  station  is  heard  as  a  tick  in  the  telephone,  but  a  rapid 

succession  of  oscillatory  sparks  is  heard  as  a  short  continuous  sound ; 

hence  the  two  signals  necessary  for  telegraphic  conversation  can  be 

transmitted. 

Another  discovery  of  considerable  interest  in  connection  with  this 
subject  is  one  said  to  be  due  independently  to  Captain  Ferris  and  W. 


-Trmr*ttrwir*» 


L 


Fia.  22.— Ferri^  or  Sohloemilch  OymoBcope. 

Schloemilch,**  who  found  that  electric  oscillations  had  a  marked  effect 
on  the  voltaic  polarization  of  carbon  or  metallic  electrodes  when  in  an 
electrolyte.     A  very  short,  fine,  carbon  filament,  or  veiy  fine  platinum 

««  See  Captain  Feme,  Proceedings  of  the  International  Electrical  Congress 
(Paris,  1900),  vol.  ii.  p.  289 ;  see  also  W.  Schloemilch,  "  A  New  Wave  Detector 
for  Wireless  Telegraphy,"  Elektrotechnische  Zeitschrift,  1908,  vol.  24,  p.  969 ;  or 
T}u  Electrician,  1903,  vol.  52,  p.  260. 
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wire,  0001  mm.  in  diameter  and  0*01  mm.  long,  is  made  the  anode 
A  in  an  electrolytic  cell  containing,  say,  dilute  acid,  the  cathode  K 
being  a  larger  lead  or  platinum  plate  (see  Fig.  22).  This  cell  is 
placed  in  series  with  a  voltaic  cell  of  slightly  higher  E.M.R  than  the 
polarization  cell,  and  a  resistance  coil  and  telephone  is  included  in  the 
circuit.  The  battery  "  polarizes  "  the  electrodes,  and,  in  consequence  of 
the  deposit  of  oxygen  gas  upon  the  small  carbon  anode,  the  resistance 
of  the  cell  increases  so  much  that  current  through  it  is  reduced  nearly 
or  quite  to  zero.  If,  then,  the  terminals  of  the  electrolytic  cell  or 
detector  are  connected  to  the  two  plates  of  a  condenser  inserted 
between  two  aerial  wires  or  between  one  aerial  wire  and  the  earth, 
and  electric  waves  allowed  to  fall  on  these  collecting  wires,  the  electric 
oscillations  depolarize  the  surface  of  the  carbon  or  platinum  anode  and 
suddenly  reduces  the  resistance  of  the  cell.  If,  therefore,  a  telephone 
is  placed  in  series  with  the  shunted  battery  and  cell,  the  sudden 
increase  in  the  current  through  it  causes  a  sound  to  be  heard  in  the 
telephone,  and  by  the  impact  of  long  or  short  trains  of  waves,  sound 
signals  on  the  Morse  cable  can  be  heard  in  the  telephone. 

Observations  have  been  made  on  this  cell  by  M.  Eeich,  who  sub- 
stituted for  the  carbon  a  fine  platinum  wire  made  by  the  Wollaston 
process,  the  end  of  this  wire  just  protruding  from  a  glass  tube  into 
which  it  was  sealed.^  One  theory  concerning  this  action  is  that  the 
cause  of  the  phenomena  is  the  annulment  of  the  anodic  polarization 
by  the  electric  oscillations.  Another  view  advanced  by  Fessenden  is, 
that  the  action  is  thermal  and  due  to  a  change  in  the  resistance  of 
that  portion  of  the  electrolyte  near  to  the  fine  platinum  wire  (see 

§11)- 

V.  Rothmund  and  A.  Lessing  have  conducted  experiments  with 
this  electrolytic  wave  detector,  using  a  platinum  point  electrode  of 
0*025  mm.  in  diameter  and  dilute  sulphuric  acid  at  its  maximum 
conductivity  as  the  electroljrte."  Their  conclusions  are  that  the  effect 
is  a  depolarization  action  caused  by  the  high  frequency  currents.  The 
small  size  of  the  anode  is  no  doubt  a  necessity  owing  to  the  small 
quantity  of  electricity  which  is  conveyed  by  the  oscillations. 

The  Schloemilch  detector  resembles  in  its  general  construction  a 
Wehnelt  interruptor.  In  the  former  case,  however,  the  operating 
current  is  a  high  frequency  alternating  current,  and  in  the  latter  a 
continuous  one.  In  both  cases,  however,  we  have  two  electrodes  of 
very  unequal  surface,  one  a  platinum  point  of  very  small  surface,  and 
the  other  a  larger  one  of  any  other  metal. 

J.  E.  Ives  has  also  investigated  the  Schloemilch  electrolytic  de- 
tector, and  given  strong  reasons  supporting  the  view  that  the  action  is 
electrolytic  (see  Electiical  IVorld  and  Engineer,  New  York,  December  10, 
1904).  He  employed  an  electrolyte  having  a  zero  temperature  variation 
of  resistance  at  60**  C,  namely,  a  2*5  per  cent,  solution  of  hypo- 
phosphorous  acid.  Below  60°  0.  the  temperature  coefficient  is 
negative,  and  above  it  is  positive.  He  found  that  the  cell  worked 
with  this  electrolyte.     Also  he  deposited  on  the  fine  platinum  anode 

•*  See  "  Observations  on  the  Schloemilch  Wave  Detector,"  by  M.  Reich,"  Phys. 
ZeiUchrift,  1904,  vol.  6,  p.  238. 

••  Annalen  der  Physik,  1904,  vol.  16,  p.  193;  or  Science  Abstracts,  1904,  vol. 
7,  A.,  p.  896. 
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platinum  black.  This  deposit,  as  well  known,  reduces  the  polarization 
effect  on  platinum,  and  when  the  platinum  wire  was  so  treated  the 
Schloemilch  cell  became  inoperative.  As  the  platinum  black  deposit 
could  not  interfere  with  any  heating  effect,  this  experiment  strongly 
supports  the  view  that  the  action  is  electrolytic. 

The  above-described  electrolytic  cell  has  also  been  claimed  as  the 
invention  of  F.  K.  Vreeland  (see  Poincare  and  Vreeland,  "  Maxwell's 
Theory  and  Wireless  Telegraphy,"  p.  188.  1904),  who  states  that, 
independently  of  Schloemilch,  he  found  that  a  very  minute  anode  of 
platinum  wire,  00001  inch  in  diameter,  placed  in  a  cell  containing 
nitric  acid,  together  with  a  platinum  cathode  of  larger  surface,  formed 
a  very  sensitive  cymoscope  far  before  an  ordinary  coherer.  It  is  to 
be  noted  that  this  last  type  of  electrolytic  detector  will  not  operate 
unless  the  small  surface  is  the  anode,  and  that  the  resistance  of  the 
cell  falls  when  electric  oscillations  act  upon  it,  whereas  the  form  of 
electrolytic  detector  described  by  De  Forest  increases  in  resistance  by 
the  action  of  electric  waves. 

11.  Thermal  CymosoopeB. — Since  electric  waves  give  rise  to 
electric  oscillations  when  they  fall  in  the  right  manner  upon  open  wire 
circuits,  and  these  oscillations  are  high  frequency  electric  currents,  we 
can  employ  them  to  heat  some  very  fine  high  resistance  conductors 
and  detect  the  wave  by  the  heat  it  produces.  In  this  case,  however, 
we  are  measuring  the  integral  effect^  as  German  writers  call  it.  The 
heat  produced  in  a  conductor  by  a  train  of  decadent  oscillations  is 
proportional  to  the  time-integral  of  the  square  of  the  instantaneous 
current  value,  and  if  we  are  employing  an  intermittent  series  of  trains 
of  oscillations  it  is  proportional  also  to  the  number  of  trains  of  oscilla- 
tions per  second. 

Hence  thermal  cymoscopes  differ  very  much  in  this  respect  from 
either  coherers  or  magnetic  detectors,  in  which  the  ampUtude  of  the 
maximum  potential  difference  or  current  is  the  chief  influencing  agency. 
No  thermal  wave  detector  has  yet  been  invented  which  approaches  in 
sensitiveness  either  the  best  coherers,  far  less  the  magnetic  or  electro- 
lytic detectors.  An  instrument  in  which  heat  is  measured  by  the 
change  in  the  resistance  of  a  conductor  produced  by  it  is  called  a 
holonieler.  The  measurement  of  electric  oscillations  by  the  heat  pro- 
duced by  them  in  a  very  fine  wire  is  often  called  the  bolametric  method 
of  detection.  In  this  case  some  very  fine  high  resistance  wire,  say  a 
wire  of  platinum,  is  made  one  arm  of  a  Wheatstone's  bridge,  and  its 
resistance  is  balanced  against  other  conductors.  In  order  to  avoid  the 
difficulties  which  arise  from  the  heating  of  the  bolometer  wire  by  the 
bridge  current,  two  similar  wires  must  be  placed  in  two  arms  of  the 
bridge  and  a  bifurcated  arrangement  employed  as  shown  in  Fig.  16  of 
Chapter  II.  We  can  then  obtain  a  steady  balance  in  the  usual  manner 
and  bring  the  bridge  galvanometer  to  zero.  If  then  electric  oscilla- 
tions are  passed  through  one  of  the  fine  wires,  it  is  stUl  more  heated 
and  its  resistance  increased,  and  the  bridge  balance  is  upset.  Hence 
the  bridge  galvanometer  deflects.  In  place  of  a  Wheatstone's  bridge 
a  sensitive  differential  galvanometer  may  be  employed,  and  a  double 
fine  wire.  One  wire  is  placed  in  circuit  with  each  coil  of  the  differ- 
ential galvanometer  and  a  balance  obtained.  If  then  electric  oscilla- 
tions are  passed  through  one  of  the  wires,  its  resistance  is  increased, 
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and  the  needle  of  the  differential  galvanometer  deflects.  In  place  of 
the  differential  galvanometer  we  may  employ  a  differential  telephone, 
and  thus  make  the  arrangement  more  sensitive. 

As  far  back  as  1889  experiments  were  made  to  employ  the  heat- 
ing power  of  oscillations  set  up  by  electric  waves  as  a  means  of 
detecting  them. 

Mr.  W.  G.  Gregory  described  a  radiation  meter  to  the  Physical 
Society  of  London,  in  which  the  elongation  of  a  wire  on  which  electric 
waves  impinged  was  rendered  visible  by  the  use  of  an  Ayrton  and 
Perry  twisted  strip  and  mirror.*' 

H.  Rubens  and  R.  Ritter  in  1890  employed  a  bolometric  instrument 
in  researches  on  electric  gratings  (see  fFted.  Annden,  vol.  40,  p.  56, 
"  Ueber  das  Verhalteh  von  Drahtgittem  gegen  Electrische  Schwin- 
gungen  ").    The  details  of  their  bolometer  were  as  follows :  Two  rect- 


Fio.  28. — ^Bolometer  Cymoscope.    B,  S,  rectangles  of  fine  wire  formmg  a 
Wheatstone's  bridge,  with  resistances,  P  and  Q. 

angles,  R  and  S,  of  fine  iron  wire  0*07  mm.  in  diameter  were 
employed  (see  Fig.  23).  These  were  made  the  arms  of  a  Wheatstone's 
bridge  arrangement  of  conductors.  One  of  these  rectangles  was 
connected  with  a  linear  oscillator,  or  antenna.  A,  which  acted  as  a 
receiving  wire,  and  when  electric  oscillations  were  set  up  in  A  by  the 
impact  on  it  of  electric  waves,  these  caused  the  circuits  of  the  rectangle 
R  to  become  heated,  and  so  upset  the  balance  of  the  Wheatstone's 
bridge.  The  deflection  of  the  galvanometer  G  served  then  to  detect 
and  measure  the  electric  radiation  falling  on  the  receiving  wires. 

Professor  C.  V.  Boys  and  Dr.  W,  Watson  also  gave  an  account  in 
1890  of  experiments  made  by  them  to  measure  electromagnetic  radia- 
tion by  means  of  the  heat  created  by  electric  oscillations  set  up  by  it 
in  linear  conductors." 

"  Proc.  Phys.  Soc.  Lond.,  1889,  vol.  x.  p.  290. 
•"  See  Proc.  Phys,  Soc.  Lond.,  1890,  vol.  xi.  p.  20. 
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C.  Tissot  has  particularly  studied  the  use  of  a  bolometer  for  detect- 
ing electric  waves  at  great  distances  from  the  source."  He  employs 
an  exceedingly  fine  platinum  wire  of  great  purity,  the  diameter  of 
which  is  not  more  than  10  or  20  microns  (1  micron  =  0*001  milli- 


From  the  Cambridge  Scientific  Instrument  Company.. 

Fig.  24. — Duddell  Thermo-galvanometer  for  measuring  Very  Small  Alternating 

Electric  Currents. 

metre).  With  such  a  bolometer  wire,  he  states  that  he  has  detected 
electric  waves  at  a  distance  of  40  kilometres  from  the  radiator  when 
using  the  arrangements  required  for  electric  wave  wireless  telegraphy."' 

••  C.  Tissot,  **  Bolometers  as  Detectors  of  Electric  Waves,"  Journal  de  Physique, 
1904,  vol.  8,  p.  324 ;  also  Science  Abstracts,  1904,  vol.  7,  A.,  p.  700. 

'•  See  C.  Tissot,  Comptes  Bendus,  1904,  vol.  137,  p.  846 ;  or  Science  Abstracts, 
1904,  vol  7,  A.,  p.  100. 


DETECTION   AND   MEASUREMENT   OP   ELECTRIC   WAVES      395 


Mr.  W.  Duddell  has  devised  a  thermal  instrument  of  great  sen- 
sibility for  detecting  electric  oscillations/'  He  employs  a  form  of  Boy's 
microradiometer,  in  which  a  delicate  thermocouple  is  suspended  by  a 
quartz  fibre  in  a  strong  magnetic  field.  An  attached  mirror  enables 
deflections  to  be  estimated  (see  Fig.  24).  Underneath  this  thermo- 
couple he  places  a  very  thin  and  narrow  strip  of  metal  (gold  leaf), 
through  which  the  electric  oscillations  are  passed.  These  oscillations 
heat  the  strip  feebly.  One  junction  of  the  small  suspended  thermo- 
couple rests  just  above  the  strip  but  not  quite  touching  it,  and  is 
therefore  heated  by  radiation  and  convection.  The  couple  is  therefore 
traversed  by  a  current,  and  is  deflected  in  the  magnetic  field.  If  an 
ordinary  Bell  telephone  is  connected  in  series  with  the  strip  and  a 
sound  uttered  to  it,  the  alternating  current  so  produced  heats  the 
strip  sufficiently  to  make  a  large 
deflection  of  the  ray  of  light 
reflected  from  the  mirror  at- 
tached to  the  thermocouple. 

If  the  thin  strip  is  placed  in 
series  with  a  pair  of  long  rods 
or  between  one  aerial  wire  and 
the  earth,  and  if  electric  waves 
fall  on  these  wires,  then  the 
electric  oscillations  set  up  heat 
the  strip,  and  the  instrument 
becomes  a  thermal  cymoscope. 

Professor  E.  Fessenden  has 
devoted  much  attention  to  the 
construction  of  thermal  electric 
wave  detectors."  One  of  the 
first  of  his  devices  was  made  as 
follows : — 

An  extremely  fine  platinum 
wire,  about  0-003  inch  in  dia- 
meter, is  embedded  in  the 
middle  of  a  silver  wire,  about  -^  inch  in  diameter,  like  the  wick  of  a 
candle.  This  compound  wire  is  then  drawn  down  until  the  diameter 
of  the  silver  wire  is  only  0*002  inch,  and  hence  the  platinum  wire  in 
its  interior,  being  reduced  in  the  same  ratio,  will  have  been  drawn 
down  to  a  diameter  of  0*00006  inch.  A  short  piece  of  this  drawn- 
down  wire  is  then  bent  into  a  loop  and  the  ends  fixed  to  wires.  The 
tip  of  the  loop  is  then  immersed  in  nitric  acid,  and  then  dissolved  in 
the  silver,  leaving  an  exquisitely  fine  platinum  wire  loop,  W,  a  few 
hundreds  of  an  inch  in  length  and  having  a  resistance  of  about  30 
ohms  (see  Fig.  25).  This  little  loop  is  sealed  into  a  glass^bulb,  A,  like 
a  very  small  incandescent  lamp,  or  it  may  be  enclosed  in  a  small 
silver  bulb,  and  the  air  may  be  exhausted.  If  an  electrical  oscillation 
is  sent  through  this  exceedingly  fine  platinum  wire  it  heats  it,  and 
rapidly  increases  its  resistance.     The  electrical  oscillations  produced 

'^  See  W.  Duddell,  "  Instruments  for  Measuring  Alternating  Currents,*'  Phil. 
Mag.,  1904,  vol.  8,  p.  91.    See  also  Chap.  II.  p.  147,  of  this  book. 

'*  See  U.S.A.  Patent  Specifications,  No.  706,742  and  No.  706,744,  applications 
of  June  6, 1902. 


Fia.  26.— Fessenden's  Thermal 
Cymoscope. 
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in  an  aerial  are  sent  through  a  number  of  these  loops  arranged  in 
parallel,  and  the  loops  are  short-circuited  by  a  telephone,  joined  in 
series  with  a  source  of  very  small  electromotive  force  produced  by 
shunting  a  single  cell,  or  opposing  to  one  another  two  cells  of  nearly 
equal  electromotive  force.  Any  variation  of  resistance  of  the  little 
platinum  loops  due  to  the  heat  produced  by  the  oscillations,  by 
suddenly  altering  the  current  flowing  through  the  telephone,  will 
cause  a  sound  to  be  heard  in  it.  The  electrical  oscillations,  when 
passing  through  the  loops,  are  therefore  detected  by  the  heat  which 
they  generate  in  these  exquisitely  fine  platinum  wires. 

Since  the  action  essentially  depends  upon  a  variation  of  resistance 
with  rise  of  temperature,  and  since  many  electrolytes  or  conducting 
Uquids  have  far  greater  temperature  coefficient  than  metals,  it  is 
obvious  that  it  must  be  of  advantage  to  employ  a  liquid  in  place  of  a 
metalUc  wire.  If  a  tube  with  an  extremely  small  bor6  is  filled  with  a 
suitable  electrolyte,  it  can  take  the  place  of  the  platinum  wire  in  the 
above-described  thermal  receiver.  Fessenden  calls  this  arrangement 
a  "  Uquid  barretter."  ^  The  liquid  column  has  another  great  advan- 
tage over  the  fine  wire,  in  that  whilst  the  wire  may  be  fused  by  an 
excess  of  currents,  the  liquid  column  always  restores  itself  to  continuity. 

Fessenden  found  that  there  was  no  necessity  to  include  the  liquid 
in  a  tube.  He  discovered  that  if  an  extremely  fine  platinum  wire, 
such  as  he  used  in  his  earliest  form  of  thermal  cymoscope  (see  Fig.  25), 
was  broken  whilst  it  was  immersed  in  a  conducting  liquid,  such  as 
nitric  acid,  it  nevertheless  continued  to  act  as  efficiently  as  before, 
hence  he  constructed  a  "  liquid  barretter  "  in  the  following  manner : 
It  consists  of  two  thin  platinum  wires  immersed  in  a  httle  vessel  con- 
taining a  suitable  liquid.  The  immersion  of  the  ends  of  the  wires  is 
such  that  an  electrical  contact  takes  place  between  the  Uquid  and  the 
wires,  or  the  vessel  may  be  divided  into  two  parts  by  a  glass  partition, 
having  an  exceedingly  small  hole  in  the  centre  0-003  inch  in  diameter. 
The  diaphragm  is  so  arranged  that  one  electrode  wire  is  on  one  side  of 
the  partition  and  the  other  on  the  other ;  hence  we  have  two  masses 
of  liquid  which  are  virtually  connected  by  an  extremely  small  tube  or 
Uquid.  It  f oUows  from  well-known  electrical  laws  that  if  an  extremely 
fine  wire  is  immersed  in  a  liquid  to  a  very  small  extent  all  the  tem- 
perature effects  wiU  be  local,  and  wiU  take  place  inside  of  a  certain 
sphere  of  a  small  radius.  Thus,  for  example,  if  a  platinum  wire 
having  a  diameter  OOOOd  inch  is  immersed  in  nitric  acid  to  a  depth 
of  0*00002  inch,  practicaUy  all  the  temperature  effects  wiU  be  localized, 
and  will  take  place  inside  a  sphere  the  radius  of  which  will  be  00004 
inch. 

It  is  found  that  certain  Uquids  act  better  than  others.  For 
example,  although  a  solution  of  carbonate  of  soda,  caustic  soda, 
nitrate  of  potash,  and  other  electrolytes  give  good  results,  Fessenden 
found  it  was  better  to  use  nitric  acid,  because  the  effects  are  stronger 
than  with  most  other  Uquids.  He  constructed  the  extremely  fine 
platinum  wire  by  coating  a  wire  of  platinum  of  sensible  thickness 
with  a  thick  layer  of  silver  and  then  drawing  down  the  two  together ; 
the  silver  is  then  dissolved  off  for  a  certain  smaU  length  by  nitric 

•»  See  U.S.A.  Patent  Specification,  No.  781,029,  application  of  May  4,  1908 ; 
also  reissued  U.S.A.  Patent,  No.  12,116,  dated  May  26,  1903. 
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acid,  and  leaves  an  extremely  fine  fibre  of  platinum  immersed  in  the 
nitric  acid.  If  such  a  liquid  barretter  is  placed  in  a  circuit  in  which 
electric  oscillations  are  taking  place,  the  Hquid  and  the  fine  electrode 
become  heated  during  the  passage  of  the  oscillations,  and  the  resist- 
ance, therefore,  is  varied  suddenly,  and  this  can  be  detected  by  placing 
in  series  with  the  liquid  cell  a  telephone  and  a  voltaic  cell  and  resist- 
ance so  adjusted  as  to  send  a  small  current  through  the  electrolytic 
cell.  It  has  already  been  pointed  out  in  describing  the  Schloemilch 
electrolytic  detector  that  the  action  of  the  above-described  form  of 
cymoscope  may  be,  and  probably  is,  electrolytic,  and  due  to  annul- 
ment of  polarization  rather  than  to  a  purely  thermal  action. 

12.  Eleotrodynamio  Cymoscopes. — Since  high  frequency  alter- 
nating currents  or  electrical  oscillations  create  magnetic  fields  varying 
in  a  similar  manner  round  the  conductor  through  which  they  pass, 
and  since  these  fluctuating  fields  can  induce  other  currents  in  closed 
metallic  circuits,  we  may  construct  electric  wave  detectors  which 
depend  for  their  operation  upon  electrodynamic  forces  of  attraction 
and  repulsion. 

One  such  form  of  detector  has  been  employed  in  researches  by 
Professor  G.  W.  Pierce.^*  It  is  a  form  of  alternating  current  ammeter 
devised  in  1887  by  the  author/'  The  writer  showed  then  that  if  a 
silver  or  copper  disc  is  suspended  by  a  fine  wire  within  a  circular  coil, 
so  placed  that  the  plane  of  the  disc  makes  an  angle  of  45°  with  the 
axis  of  the  coil,  when  an  alternating  current  flows  through  the  coil 
it  will  induce  secondary  currents  in  the  disc,  and  the  electromag- 
netic repulsion  between  the  primary  and  induced  currents  will  cause 
the  disc  to  move  so  that  its  plane  lies  more  nearly  at  right  angles  to 
the  plane  of  the  coiP*  (see  Fig.  17,  Chap.  II.).  The  theory  of  the 
instrument  has  already  been  given  in  Chap.  II.  §  13. 

This  copper-disc  alternating  current  galvanometer  was  employed 
by  the  author  to  measure  telephone  currents  and  other  feeble  alter- 
nating currents  in  1887.  More  recently  Professor  Pierce  increased 
the  delicacy  of  the  instrument  by  employing  a  disc  of  silver  paper 
suspended  by  a  quartz  fibre,  the  disc  being  hung  at  an  angle  of  45° 
inside  an  ebonite  tube,  on  the  outside  of  which  was  wound  a  coil  of 
insulated  wire.  A  small  fragment  of  silvered  glass  attached  to  the 
disc  served  to  reflect  a  ray  of  light  upon  a  scale,  and  indicated  any 
movement  of  the  disc.  With  this  instrument  quantitative  measure- 
ments can  be  made  of  electric  oscillations  taking  place  in  a  circuit. 
Very  much  the  same  device  has  been  employed  by  Fessenden,^  who 
used  a  suspended  silver  ring  and  two  fixed  coils  on  either  side  of  it, 
through  which  the  oscillations  passed. 

This  form  of  cymoscope,  like  the  thermal  instruments,  measures 
the  root- mean -square  or  integral  value  of  the  oscillations.  The 
mechanical  forces,  however,  are  small,  and  these  electrodynamic  instru- 
ments are  not  as  sensitive  as  even  the  best  forms  of  thermal  detector. 

•*  See  G.  W.  Pierce,  "Experiments  on  Resonance  in  Wireless  Telegraph 
Circuits,"  The  Physical  Bevicw,  September,  1904,  vol.  19,  p.  201. 

"  See  The  Electrician,  May  6, 1887. 

*•  For  an  explanation  of  this  fact,  the  reader  is  referred  to  the  author's  treatise 
on  the  •*  Alternate  Current  Transformer,"  vol.  i.  3rd  ed.  §  12,  p.  307. 

"  See  U.S.A.  Patent  Specification,  No.  706,735,  application  of  December  15, 
1899. 
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13.  ¥aoimm  Tabe  Cymoscopes. — The  peculiar  qualities  of 
gaseous  conductors,  especially  rarefied  gases  in  so-called  vacuum  tubes, 
have  been  utilized  fOr  the  detection  and  measurement  of  electric 
oscillations,  and  therefore  of  electric  waves. 

Professor  Khigi  availed  himself  of  one  striking  peculiarity  of  rare- 
fied gases  as  conductors,  as  follows  :  It  is  well  known,  as  first  shown 
by  Varley,  that  if  a  glass  tube  having  platinum  electrodes  sealed  into 
it,  and  a  vacuum  of  about  one-thousandth  of  an  atmosphere  made  in 
it,  is  subjected  to  electromotive  force,  no  current  will  flow  through  it 
until  a  certain  voltage,  say  of  3iOO  volts  or  so,  is  exceeded.  Beyond 
that  limit  the  current  which  flows  is  almost  exactly  proportional  to 
the  excess  of  the  voltage  above  this  critical  value.  Hence,  if  a  small 
vacuum  tube  is  connected  in  series  with  a  battery  of  voltaic  cells 
giving  some  voltage  a  little  less  than  the  critical  value,  no  glow  vnll 
take  place  in  the  vacuum  tube,  because  no  current  passes.  If,  how- 
ever, the  same  circuit  includes  a  coil  in  which  electric  oscillations  are 
excited,  then  the  electromotive  force  of  these  induced  oscillations  will, 
in  one  direction,  be  added  to  the  electromotive  force  of  the  battery, 
and  will  send  a  current  through  the  gas  and  cause  it  to  glow.    Bhigi 


Pnm  ••  The  JSUclridOM," 

Fig.  26. — Zehnder's  Trigger  Vacuum  Cymoscope. 

employed  a  vacuum  tube  in  which  a  very  small  space  intervened 
between  the  electrodes,  and  employed  a  water  battery  or  some  simple 
form  of  primary  voltaic  cell  to  produce  the  required  "  boosting  "  or 
auxiliary  electromotive  force. 

The  vacuum  tube  then  glowed  when  electric  oscillations  were  set 
up  in  the  coil  in  series  with  it. 

L.  Zehnder  employed  a  vacuum  tube  in  a  sUghtly  different  manner 
as  a  detector  of  Hertz  oscillations.'^^  He  took  advantage  of  another 
well-known  fact  connected  with  electrical  discharge  through  rarefied 
gases. 

A  vacuum  tube  of  the  ordinary  kind  has,  in  addition  to  the  usual 
platinum  electrodes,  another  pair  of  electrodes  at  right  angles,  placed 
with  their  ends  very  close  (see  Pig.  26).  If,  then,  a  high  potential 
battery,  say  of  300  or  400  cells,  is  applied  in  series  with  a  high  resist- 
ance, and  the  tube  used  in  the  ordinary  way,  we  may  adjust  the 
number  of  cells  until  the  electromotive  force  is  just  not  sufficient  to 
cause  a  glow  discharge  in  the  tube.     Then  if  a  very  small  discharge  is 

'*  See  •'  The  Objective  Representation  of  Hertz's  Researches  in  Electrical  Radi- 
ation," by  L.  Zehnder,  Wied,  Annalen  der  Physik,  1892,  vol.  47,  p.  82;  also  The 
Electrician,  1892,  vol.  30,  p.  268. 
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sent  between  the  transverse  electrodes,  this  glow  discharge  causes  the 
general  mass  of  the  rarefied  gas  to  become  a  conductor  for  the  steady 
battery  electromotive  force,  and  the  vacuum  tube  bursts  into  glow. 
This  arrangement  is  sometimes  called  a  Zehnder  "trigger  tube," 
because  the  small  transverse  discharge,  so  to  speak,  sets  off  the  longi- 
tudinal discharge  in  the  tube.  The  transverse  electrodes  which  convey 
the  oscillatory  discharge  through  the  gas  are  placed  quite  close  to  the 
cathode  of  the  continuous  current  electrodes,  since  it  is  known  that 
at  the  cathode  the  great  resistance  to  discharge  is  situated.  In  this 
manner  a  Hertzian  spark  too  feeble  to  be  visible  at  a  distance  can  be 
rendered  manifest  by  its  power  to  start  off  another  discharge  from  a 
powerful  battery  acting  on  the  same  mass  of  rarefied  gas. 

A  third  method  of  utilizing  the  properties  of  rarefied  gases  for 
the  purposes  of  a  cymoscope  was  discovered  by  the  author.  In  1890 
the  author  made  known  a  fact  discovered  by  him  in  the  course  of 
some  investigations  upon  incandescent  electrical  lamps.^^ 

If  we  seal  into  a  glass  bulb  highly  exhausted  two-carbon  filaments 
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Fia.  27.— Fleming  Osoillatioii  Valves. 
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like  incandescent  lamps  (see  Fig.  27,  6),  we  find  that  when  both  these 
filaments  are  cold,  the  vacuum  or  highly  rarefied  air  left  in  the  bulb 
is  a  very  perfect  non-conductor  of  electricity.  Even  an  induction  coil 
will  not  send  a  discharge  through  the  bulb  if  the  exhaustion  has  been 
pushed  far  enough. 

If,  however,  the  carbon  filaments  are  made  incandescent  by 
insulated  batteries,  then  it  is  found  that  the  electromotive  force  of  a 
single  cell  is  sufficient  to  send  a  current  across  the  interspace  between 
the  filaments.  It  is  necessary,  however,  to  connect  the  galvanometer 
and  single  cell  between  the  two  ends  of  the  carbon  filaments,  which 
are  in  connection  with  the  negative  poles  of  the  respective  insulated 
batteries.  We  may  employ  a  single  carbon  filament  and  a  metal  plate 
or  cyUnder  surrounding  it  (see  Fig.  27,  a  or  27,  c),  and  if  we  then  render 
the  carbon  filament  incandescent  by  a  local  battery,  it  is  found  that 
a  single  cell  will  pass  a  current  through  the  vacuous  space  between  the 

'•  See  J.  A.  Fleming,  "  On  Electric  Discharge  between  Electrodes  at  Different 
Temperatures  in  Air  and  High  Vacua,"  Proc.  Roy.  Soc.  Lond.,  1890,  vol.  47,  p.  122 ; 
also  Proc.  Roy.  Institiituxn,  vol.  13,  p.  45,  Friday  Evening  Discourse,  Feb.  14, 
1890. 
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cylinder  and  the  hot  filament,  provided  that  this  single  cell  has  its 
negative  pole  in  connection  with  that  end  of  the  filament  which  is 
itself  in  connection  with  the  negative  end  of  the  heating  battery.  If 
the  connections  of  the  single  cell  are  reversed,  then  no  current  passes. 

The  space  between  the  cold  cylinder  and  the  hot  carbon  filaments 
possesses,  therefore,  a  unilateral  conductivity.  Negative  electricity  can 
pass  from  the  hot  filament  to  the  cold  metal  cylinder  through  the 
highly  rarefied  gas,  but  not  in  the  opposite  direction.  The  arrange- 
ment acts  as  an  electrical  valve  for  electric  currents.  The  author 
furthermore  discovered  that  this  device  could  be  used  to  separate  out 
the  two  constituent  currents  of  an  electrical  oscillation,*®  and  so  render 
it  possible  for  an  electrical  oscillation  to  afifect  an  ordinary  galvano- 
meter. To  do  this  the  valve,  now  called  an  oscillation  valve,  is 
used  as  follows : — 

One  of  the  above-described  bulbs.  A,  has  a  sensitive  galvanometer, 
G,  placed  in  series  with  the  secondary  coil  s  of  an  oscillation  trans- 


FiG.  28.— Vacuum  Valve  used  to  rectify  Electric  Oscillations  and  render  them 
detectable  by  an  Ordinary  Galvanometer,  G. 

former  joined  in  between  its  metal  cylinder  and  the  negative  terminal 
of  the  carbon  filament  (see  Fig.  28).  If  electric  oscillations  are  induced 
in  this  secondary  circuit  by  a  primary  coil,  p,  then  when  the  carbon 
filament  is  made  incandescent  by  an  insulated  battery,  B,  only  one  of 
the  currents  forming  the  oscillation  is  allowed  to  pass,  viz.  that  in 
which  the  movement  of  negative  electricity  is  from  the  carbon  filament 
to  the  metal  cylinder  through  the  vacuous  space.  The  galvanometer, 
therefore,  is  affected  only  by  the  flow  of  electricity  in  one  direction, 
and  its  needle  or  coil  is  therefore  deflected.  In  each  train  of  oscilla- 
tion the  positive  currents  are,  so  to  speak,  sifted  out  from  the  negative, 
and  only  one  set  allowed  to  pass.  We  are  therefore  able  to  employ 
a  sensitive  mirror  galvanometer  of  the  ordinary  type  to  detect  the 
existence  of  electric  oscillations  in  a  circuit. 

••  See  J.  A.  Fleming,  *'  On  the  Conversion  of  Electric  Oscillations  into  Con- 
tinuous Currents  by  means  of  a  Vacuum  Valve,"  Proc.  Boy.  Soc.  Lond.,  1906,  voL 
74,  p.  476. 
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When  the  valve  is  to  be  used  for  detecting  electric  waves,  or  as  a 
receiver  in  wireless  telegraphy,  the  oscillation  transformer  associated 
with  it  has  its  primary  circuit  included  between  two  collector  wires, 
or  between  an  aerial  wire,  A,  and  the  earth,  E  (see  Pig.  29).  Then 
electric  waves  falling  on  the  aerial  produce  in  it  electric  oscillations, 
and  these  are  detected  by  a  sensitive  deai-beat  mirror  galvanometer, 
such  as  a  **  speaking  galvanometer,"  as  used  in  cable  telegraphy. 

The  electrical  properties  of  these  valves  have  been  studied  by  the 
author.  It  is  well  known  that  the  conductivity  of  rarefied  gases  differs 
in  quality  from  that  of  metals  or  electrolytes.     If  we  apply  a  steadily 


Fia.  29. — Fleming  Oscillation  Valve  used  as  a  Cymoscope  or  Electric  Wave 
Detector  in  Wireless  Telegraphy.  A,  antenna ;  V,  valve ;  B,  heating  battery ; 
G,  galvanometer ;  T,  oscillation  transformer ;  E,  earth  plate. 

increasing  electromotive  force  to  a  mass  of  rarefied  gas  by  means  of 
two  electrodes,  the  negative  one  being  incandescent,  then  the  current 
through  the  gas  does  not  increase  proportionately  to  the  electromotive 
force.  The  current  rises  up  to  a  maximum  value,  at  which  it  is  said 
to  be  saturated."  Hence  the  gas,  as  a  conductor,  does  not  obey  Ohm's 
law.  Also  the  conductivity,  which  is  the  ratio  of  current  to  voltage, 
rises  to  a  maximum  and  then  falls  off.  The  curves  in  Fig.  30  show 
how  the  current  and  conductivity  of  the  vacuous  space  vary  in  one  of 
the  above-described  oscillation  valves  when  increasing  voltages  are 

»»  See^oc.  Boy.  Soc,  Lond,,  1906,  vol.  74,  p.  483 ;  also  Prof.  J.  J.  Thomson, 
on  "  Gonflmotion  of  Electricity  through  Qases,"  chap.  viii. 

^  2d 
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applied  between  the  metal  cylinder  and  the  carbon  filament,  the  latter 
heated  to  various  temperatures. 

The  resistance  of  the  vacuous  space  may  therefore  vary  from 
millions  of  ohms  to  a  few  ohms,  according  to  the  voltage  applied  and 
the  temperature  of  the  filaqient.  The  valve  rectifies  the  oscillations 
or  becomes  more  completely  unilateral  in  conductivity  the  colder  the 
metal  cylinder  is  kept.  ^  If  we  allow  the  cylinder  to  become  warmed 
by  radiation  from  the  filament,  then  the  flow  of  electricity  between  the 
carbon  filament  and  cylinder  is  not  altogether  in  one  direction.  When 
made  as  shovni  in  Fig.  28,  and  used  with  a  carbon  filament  at  that 
temperature  at  which  it  is  working  at  about  3  watts  per  candle,  the 
rectification  is  from  80  to  85  per  cent. 
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Fio.  80.— Curve  showing  the  Variation  of  Current  through  an  Oscillation  Valve 
with  Increasing  Potential  DifEerence  between  the  Negative  Carbon  Filament 
Terminal  and  Insulated  Plate. 


14.  General  Considerations  oonoerning  Eleotrio  WaTe-de- 
teoting  Devioes. — From  the  descriptions  that  have  been  given  in  the 
previous  sections  of  various  forms  of  wave-detecting  device  or  cymo- 
scope, it  will  be  apparent  that  they  may  be  divided  into  two  broad 
classes :  (1)  those  that  depend  essentially  upon  the  action  of  electro- 
motive force  or  electric  force — these  are  commonly  called  potential 
actuated  devices;  (2)  those  that  depend  essentially  for  their  action 
upon  the  operation  of  electric  current — these  are  commonly  called 
current  operated  devices. 

Then,  furthermore,  we  may  divide  them  in  another  way :  (1)  into 
those  devices  the  action  of  which  is  dependent  upon  the  maximum 
value  of  the  current  or  electromotive  forces  during  a  train  of  electrical 
oscillations — this  generally  means  that  the  device  is  actuated  by  the 
ampHtude  of  the  first  oscillation,  whether  we  are  considering  potentisd 
or  cun-ent;    (2)  those  devices  the  operation  of  which  depends,  not 
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upon  the  maximum  value,  but  upon  the  integral  or  root-mean-square 
value  of  either  the  current  or  the  potential  during  one  complete  train 
or  a  number  of  trains  ;  otherwise  we  may  say  that  in  this  last  case  the 
wave  detector  measures,  not  the  amplitude  of  the  first  or  any  par- 
ticular oscillation,  but  the  root-mean-square  value  of  the  whole  of 
the  oscillations. 

As  particular  instances  of  these,  it  may  be  noted  that  coherers  or 
contact  cymoscopes  of  all  kinds  are  essentially  potential-operated 
devices,  and  are  for  the  most  part  influenced  by  the  maximum  value 
of  the  oscillations,  that  is,  by  the  amplitude  of  the  largest  oscillation. 
This  is  not  strictly  always  the  case,  because  the  high  initial  resistance 
of  the  coherer  or  imperfect  contact  may  be  broken  down  by  the 
repeated  application  of  a  high  frequency  alternating  potential,  so  that 
even  if  the  change  of  resistance  does  not  take  place  under  the  action 
of  the  first  oscillation  it  will  take  place  if  the  oscillations  continue  to 
act.  The  ordinary  metallic  filings  coherer  acts  in  this  manner.  It 
possesses  initial  high  resistance  which  may  amount  to  several  thousand 
ohms,  and  it  possesses  a  certain  small  but  definite  electrostatic 
capacity.  In  fact,  we  may  view  the  ordinary  metallic  filings  coherer 
in  its  initial  condition  as  if  it  consisted  of  a  number  of  small  spheres 
immersed  in  a  dielectric.  Such  a  system  of  conductors  would  have  a 
certain  definite  capacity,  and  when  acted  upon  by  electric  force 
exceeding  a  certain  limit  the  dielectric  between  the  spheres  would  be 
pierced  and  discharge  would  take  place,  resulting  in  an  immediate 
drop  to  a  much  lower  resistance  and  to  almost  complete  metallic  con- 
tinuity or  conductivity  through  the  mass.  As  we  shall  see  in  a  later 
chapter  in  discussing  syntonic  telegraphy,  there  are  some  objections 
attending  the  employment  of  a  cymoscope  which  suddenly  alters  its 
resistance  or  capacity  in  the  act  of  being  influenced. 

In  the  next  place,  we  may  take  the  magnetic  detector  as  a  good 
illustration  of  a  current-operated  cymoscope  or  wave  detector.  In 
this  case  the  effective  agent  is  the  actual  current  which  passes,  and, 
moreover,  it  is  the  maximum  value  of  that  current  or  of  the  first 
oscillation,  which  is  the  chief  factor  in  producing  the  demagnetization 
of  the  iron  or  the  annulment  of  the  hysteresis  which  occurs.  The 
magnetic  detector,  however,  differs  from  the  coherer,  essentially  in 
the  fact  that  there  is  no  change  in  resistance  or  capacity  in  the  circuit 
through  which  the  oscDlations  flow  when  the  change  produced  by 
them  takes  place ;  hence,  as  we  shall  see,  the  magnetic  detector  is 
more  adapted  as  receiver  in  a  certain  type  of  electric  wave  telegraphy. 
It  may  then  be  noted  that  all  forms  of  thermal  wave  detector  or 
cymoscope  are  dependent  for  their  action,  not  upon  the  maximum 
value  of  the  oscillations,  but  upon  the  root-mean-square  value.  This 
establishes  a  very  important  difference  between  thermal  cymoscopes 
on  the  one  hand  and  the  magnetic  cymoscopes  on  the  other,  for  since 
the  root-mean-square  value  of  the  ciurrent  during  a  unit  of  time  de- 
pends upon  the  number  of  groups  of  oscillations  which  take  place,  it 
follows  that  the  indications  of  a  thermal  cymoscope  are  not  merely 
dependent  upon  the  maximum  value  of  the  oscillations  during  one 
train,  or  the  rate  at  which  the  oscillations  decay,  but  upon  the 
number  of  groups  of  oscillations  which  occur  per  second.  Hence 
any  irregularity  in  the  occurrence  in  the  groups  of  oscillations   is 
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a  disturbing  cause,  and  the  thermal  cymoscope  or  bolometer  cannot 
be  employed  for  metrical  purposes  unless  great  precautions  are  taken 
to  control  the  uniformity  of  the  spark  discharges  of  the  transmitter. 

As  regards  vacuum-tube  cymoscopes.  In  some  cases  these  depend 
for  their  action  upon  the  maximum  value  of  the  oscillations  during  a 
train,  as  in  Zehnder's  vacuum  tube;  whereas  in  other  cases,  as  in  the 
author's  oscillation  valve,  the  indication  of  the  galvanometer  associated 
with  it  is  dependent  upon  the  mean  value  of  the  oscillations  during  a 
unit  of  time,  and  therefore  upon  the  frequency  of  the  groups  of 
oscillations. 

In  discussing  the  appHcation  of  these  various  forms  of  cymoscope 
in  wireless  telegraphy,  in  a  later  chapter,  we  shall  have  occasion  to 
notice  some  further  peculiarities  and  the  special  adaptability  of  certain 
forms  of  cymoscope  to  certain  classes  of  telegraphic  work. 

15.  WaTe  Measuring  Instraments  or  Cymometers. — In  addi- 
tion to  detecting  the  existence  of  electric  waves  passing  through  space 
by  the  oscillations  which  they  can  create  in  a  linear  conductor  incident 
upon  it,  we  often  desire  to  measure  the  wave  length  of  these  waves, 
either  those  sent  out  from  a  radiator  or  those  received  by  a  detector. 
In  those  cases  in  which  the  radiation  is  taking  place,  from  a  rod  or 
wire  in  which  high  frequency  66cillations  are  set  up,  the  wave  length 
X  of  the  radiation  is  connected  with  the  frequency  n  of  the  oscillations 
in  the  Unear  oscillator  by  the  formula  V  =  nX,  where  V  =  3  x  10" 
cms.  per  second  or  is  the  velocity  of  radiation.  Hence  to  determine 
the  wave  length  it  sufl&ces  to  determine  the  frequency  of  the  oscilla- 
tions in  the  radiator.  Suppose  that  the  radiator  is  inductively  asso- 
ciated with  another  closed  circuit,  and  the  radiator  is  a  Marconi  aerial 
wire.  There  are  several  methods  by  which  we  can  ascertain  the 
frequency  of  the  oscillations  taking  place  in  this  aerial  wire.  The 
following  instruments  have  been  designed  by  the  author  for  this 
purpose,  and  have  been  called  by  him  cymometers.  One  form  of  instru- 
ment depends  upon  the  estabUshment  of  stationary  waves  upon  an 
associated  helix. 

We  have  already  explained,  in  Chapter  IV.,  the  conditions  under 
which  stationary  electric  oscillations  of  potential  and  current  can  be 
established  upon  an  insulated  heUx  of  wire.  Suppose  that  we  have  a 
helix  consisting  of  a  long  ebonite  rod,  say  2  ms.  long  and  5  cms.  in 
diameter,  wound  over  uniformly  with  a  long  spiral  of  fine  silk-covered 
copper  wire.  This  wire  may  suitably  be  of  the  size  known  as  No.  32 
S.W.G.,  and  on  such  an  ebonite  core  it  will  be  possible  then  to  wind 
in  one  layer  of  closely  adjacent  turns  a  helix  of  5000  turns.  Let  such 
a  helix,  KiKj,  be  supported  on  insulating  stands  (see  Fig.  31)  a  couple 
of  feet  above  a  table  in  contiguity  to  a  Marconi  aerial  wire.  A,  in  which 
it  is  desired  to  measure  the  frequency.  To  some  point  near  to  the 
base  of  the  aerial  is  attached  a  small  insulated  metal  plate,  which 
acts  as  one  plate  of  a  small  air  condenser,  C,,  the  other  plate  being 
connected  to  one  end  of  the  above-described  insulated  hehx.  On  this 
helix  slides  a  curved  metal  saddle,  D,  which  is  packed  with  tin- 
foil to  make  it  fit  the  heUx  closely,  and  this  saddle  is  connected  by 
a  wire  with  an  earth  plate,  Ea-  We  provide  also  a  Neon,  or  other 
vacuum  tube,  V.  Let  us  assume,  then,  that  the  oscillations  are 
excited  in  the  aerial  wire ;  we  can  move  the  saddle  along  the  helix 
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until  such  a  position  is  found  that  one  complete  stationary  wave  of 
potential  on  the  helix  is  included  between  the  saddle  and  the  end 
attached  to  the  small  air  condenser.  When  this  is  the  case,  if  we 
explore  the  space  round  the  hehx  between  these  points  with  a  Neon 
vacuum  tube,  we  shall  find  that  just  over  the  end  of  the  saddle  the 
Neon  tube  does  not  glow,  also  it  does  not  glow  at  a  point  halfway 
between  the  saddle  and  the  condenser  end,  also  it  does  not  glow  just 
at  the  end  next  the  condenser.     In  order  that  this  may  be  the  case,  i^ 
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'  Pig.  81.— Helix  Cymometer.    (Fleming.)    K„  K„  helix  of  wire ;  D,  sliding 
saddle ;  C,  coupling  condenser ;  A,  antenna. 

is  necessary  to  shield  the  helix  from  indirect  action  of  the  oscillation 
in  the  aerial  or  the  spark  of  the  transmitter ;  it  is  necessary  to  place  a 
metal  plate  (not  shown  in  the  diagram)  close  to  the  end  of  the  helix 
which  is  in  connection  with  the  aerial.  This  plate  must  be  perforated 
by  a  hole  large  enough  to  allow  the  end  of  the  helix  just  to  pass 
through,  the  air  gap  being  large  enough  to  prevent  sparking  from  the 
end  of  the  heUx  to  this  plate.  This  guard  plate  must  also  be  con- 
nected to  the  earth  by  a  wire.  By  moving  the  saddle  about,  it  is  then 
possible  to  find  a  position  in  which  there  is  a  node  of  potential  over 
the  saddle  near  the  earth  plate,  and  also  halfway  between,  whilst  at 
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intermediate  positions,  \  of  the  way  and  |  of  the  way,  there  is  an 
antinode  and  loop  of  potential,  as  indicated  by  a  dotted  line  in  the 
diagram  in  Fig.  31. 

We  have  already  explained,  in  Chapter  IV.,  that  the  velocity  with 
which  the  potential  wave  moves  along  the  helix  is  inversely  pro- 
portional to  the  square  root  of  the  capacity  and  inductance  per  unit 
of  length  of  the  heUx,  and  we  have  shown  how  these  quantities  can 
be  accurately  measured.  Hence  this  velocity  can  be  determined  for 
the  heUx  in  use  in  centimetres  per  second.  By  means  of  a  scale,  E, 
we  can  also  measure  the  observed  wave  length  on  the  helix  as  indi- 
cated by  the  distance  of  the  saddle  from  the  earth  plate,  when  the 
potential  distribution  is  as  above  described.  The  quotient  of  this 
velocity  along  the  helix  by  the  observed  wave  length  gives  us  the 
frequency  of  the  stationary  oscillations  on  the  helix.  This  must  also 
be  the  frequency  of  the  oscillations  in  the  aerial  wire.  Hence,  if  v 
stands  for  the  velocity  of  propagation  of  the  oscillations  along  the 
helix,  and  X  for  the  wave  length  on  the  hehx,  or  the  length  KiD, 
then,  if  A  stands  for  the  wave  length  of  the  waves  sent  out  into  space 
from  the  aerial,  we  have  the  following  formula  for  this  wave  length  : — 

V 

In  the  above  formula  v  must  be  measured  in  centimetres  per  second, 
and  A  and  A  in  the  same  linear  units. 

In  this  manner,  given  a  helix  sufficiently  long,  we  can  determine 
the  frequency  of  \he  oscillations  in  any  aerial  wire,  and  therefore  the 
wave  length  of  the  waves  sent  out  into  space  from  it. 

The  author  has  also  devised  a  form  of  direct-reading  portable 
cymometer,  by  which  not  only  can  the  wave  lengths  of  waves  used  in 
wireless  telegraphy  be  immejdiately  ascertained,  but  also  by  its  aid 
numerous  measurements,  such  as  the  measurement  of  small  capacities, 
inductances,  and  coefficients  of  coupling  of  oscillation  transformers, 
can  be  made  with  great  ease.®*  This  instrument  is  constructed  as 
follows : — 

On  a  mahogany  baseboard  about  136  cms.  long  and  30  cms.  wide 
is  mounted  an  inductance  coil,  HH  (see  Fig.  32).  This  consists  of 
an  ebonite  tube  109  cms.  long  and  3  cms.  diameter,  having  a  helical 
groove  cut  on  its  surface,  with  four  turns  to  the  centimetre  (ten  to  the 
inch  exactly).  In  this  groove  is  wound  a  bare  copper  wire  1-22  mm, 
in  diameter,  the  ends  of  which  are  secured  to  brass  collars  clamped  on 
the  ebonite  tube.  The  inductance  L  of  such  a  spiral  can  be  calcu- 
lated very  approximately  by  the  formula — 

L  =  (,rDN)2/ 

where  D  is  the  mean  diameter  of  one  circular  turn  of  the  helix,  and 
N  the  number  of  turns  of  wire  per  centimetre,  or  otherwise  (irDN) 
represents  the  length  of  wire  which  is  wound  on  one  unit  of  length 
(1  cm.)  of  the  helix,  and  /  is  the  length  of  the  helix. 

'*  See  J.  A.  Fleming,  "  The  Application  of  the  Cymometer  to  the  Determi- 
nation of  the  Coefficient  of  Coupling  of  Oscillation  Transformers,"  Phil.  Mag., 
1906,  ser.  6,  vol.  9,  p.  768;  also  Proc.  Phys.  Soc.  L<md,y  1906,  vol.  xix.  p.  603. 
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This  helix  is  supported  by  wood  brackets,  a,  ft,  which  raises  it  a 
little  above  the  baseboard. 

Parallel  to  the  helix  is  fixed  a  sUding  tubular  condenser.  This 
consists  of  a  brass  tube,  I,  having  a  solid  pin  fixed  in  one  end,  by 
means  of  which  it  is  clamped  in  ebonite  clips  fixed  to  a  wooden  block, 
c.  This  tube  has  a  length  of  104  cms.,  and  an  outside  diameter  of 
2-6  cms.  Over  this  brass  tube  is  fixed  tightly  a  thin  ebonite  tube,  B, 
the  sides  of  which  are  only  1-6  mm.  thick,  and  this  extends  for  a 
length  of  5  cms.  beyond  the  inner  brass  tube.  Over  this  ebonite 
tube  slides  easily  another  brass  tube,  O,  which  is  100  cms.  long  and 
3*05  cms.  outside  diameter.  This  tube  has  a  heavy  collar,  k,  at  one 
end,  to  which  is  attached  an  ebonite  handle,  h,  by  which  to  displace  the 
tube,  and  also  a  projecting  pin,  Z,  which  carries  a  semicircular  coUar, 
K,  resting  on  the  inductance  spiral  HH.  Also  this  pin  or  rod  carries 
an  index,  P,  which  moves  over  a  divided  scale,  SS. 

This  instrument  is  completed  by  a  copper  bar,  Lj,  Lj,  L,  of  square 
section,  6  mm.  inside,  which  joins  one  end  of  the  inductance  spiral 
to  the  inner  tube  of  the  condenser.  The  outer  tube  of  the  condenser 
moves  through  an  insulated  metal  ring,  g,  and  from  this  ring  and 
from  a  terminal,  T,  at  the  end  of  the  inner  condenser  tube  stout  wires 
are  bro"ught  to  the  ends  of  a  vacuum  tube,  V,  which  is  preferably  of 
the  form  used  in  spectrum  analysis  and  filled  with  rarefied  neon. 

It  will  then  be  seen  that  if  the  handle  is  moved  along,  the  outer 
condenser  tube  slides  off  the  inner  one,  thus  reducing  the  capacity  of 
the  condenser  by  an  amount  which  is  almost  exactly  proportional  to 
the  displacement  of  the  handle. 

Experiment  shows  that  the  measured  capacities  of  the  tubular 
condenser,  with  the  handle  in  various  positions,  plot  out  into  a  nearly 
straight  line  in  terms  of  the  displacement  of  the  outer  tube.  Again, 
the  same  movement  of  the  handle  reduces  proportionately  the  amount 
of  inductance  included  in  the  closed  circuit,  because  the  inductance 
of  that  portion  of  the  spiral  included  between  the  collar  at  the  end 
h  and  the  semicircular  clip  K  is  almost  exactly  proportional  to  the 
length  of  the  spiral  included.  Therefore  the  oscillation  constant  of  the 
circuit  or  the  quantity  VOL  for  various  positions  of  .the  handle  is 
proportional  to  the  displacement,  and  can  be  marked  on  the  scale. 

In  the  instrument  here  described  the  scale  covers  a  range  of 
oscillation  constant  from  0  to  12,  and  it  is  almost  exactly  equi- 
divisional. 

The  scale  readings  are  determined  experimentally  by  measuring 
the  capacity  of  the  sUding  condenser  and  the  inductance  of.  the  spu*al 
positions  of  the  handle,  by  methods  already  described  (see  Chap.  II.). 

If,  then,  we  have  any  circuit,  open  or  closed,  in  which  oscillations 
are  taking  place,  we  can  determine  their  frequency  if  we  place  the 
copper  bar  forming  part  of  the  cymometer  circuit  near  and  parallel  to 
the  first-named  circuit,  and  move  the  handle  until  the  vacuum  tube 
shines  most  brilliantly.  The  scale  reading  will  then  show  us  the 
oscillation  constant  of  the  cymometer  circuit  in  that  position.  Since 
the  frequency  corresponding  to  that  reading  is  related  to  the  constant 
as  the  abscissae  and  ordinates  of  a  rectangular  hyperbola,  the  scale  of 
the  cymometer  can  also  be  graduated  to  show  frequencies  as  well. 
Again,  if  the  circuit  tested  is  an  open  circuit  which  is  radiating  electric 
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waves,  there  is  a  definite  relation  between  the  length  of  the  radiated 
waves  and  their  frequency,  expressed  by  V  =  nX,  where  V  is  the  velocity 
of  electromagnetic  radiation.  Hence  the  scale  of  the  cymometer  can 
also  be  graduated  to  show  wave  lengths  in  feet  or  metres,  and  i  it 
becomes  a  direct-reading  electric-wave  meter  for  measuring  wave 
lengths  as  used  in  wireless  telegraphy.  In  employing  this  form  of 
cymometer  to  measure  the  wave  lengths  of  the  waves  sent  out  by  a 
wireless  telegraph  aerial,  it  is  necessary  to  place  the  copper  bar  of  the 
cymometer  parallel  to  and  about  3  or  4  inches  from  the  lower  part  of 
the  aerial.  The  terminal  of  the  vacuum  tube,  which  is  in  connection 
with  the  outer  tube  of  the  cymometer  sliding  condenser,  should  be 
connected  to  earth.  The  cymometer  handle  is  then  moved  until  this 
vacuum  tube  glows  most  brightly,  and  the  scale  reading  will  give  the 
wave  length  of  the  radiated  wave. 

The  instrument  has  also  uses  in  the  laboratory  for  determining 
capacities,  inductances,  and  coefficients  of  coupling  of  induction  coils. 

For  this  purpose,  the  box  in  which  the  instrument  is  packed  has 
a  rectangular-shaped  circuit  of  insulated  wire,  ABCD  (No.  16  S.  W.G.) 
fixed  to  the  lid.  This  rectangular-shaped  circuit  is  interrupted  in  two 
places,  and  tails  of  wire  left,  as  in  Fig.  33. 


^ 


nt.. 


Fig.  88.— Standard  Eectangular  Inductance,  ABCD,  and  Condenser,  L,  for 
creating  a  Circuit  of  Known  Oscillation  Constant. 

This  circuit  is  given  a  form  such  that  its  inductance  for  high 
frequency  currents  can  be  calculated.  It  is  intended  to  be  used  as 
follows :  Suppose  we  desire  to  determine  the  capacity  of  a  small 
Leyden  jar  for  high  frequency  currents.  The  jar  is  connected  by  its 
outside  and  inside  coatings  respectively  to  one  pair  of  ends  of  the 
rectangle,  and  the  other  pair  of  ends  are  connected  to  the  secondary 
spark  balls  of  an  induction  coil.  We  then  place  the  cymometer  bar 
near  and  parallel  to  one  long  side  of  the  rectangle,  and  set  up  oscilla- 
tions in  the  Leyden  jar  circuit  with  the  induction  coil.  Next,  the 
cymometer  handle  is  moved  until  the  vacuum  tube  (preferably  a  neon 
tube)  glows  most  brightly,  and  the  value  of  the  oscillation  constant 
read  ofiF  on  the  scale.  We  then  know  that  this  also  must  be  the 
oscillation  constant  of  the  jar  circuit. 

The  value  of  the  high  frequency  inductance  of  tlie  rectangular  circuit 
is  given  with  the  instrument,  and  hence  if  we  call  this  value  L^  cms., 
and  the  capacity  of  the  jar  C,  mfds.,  and  the  scale  reading  of  the 
oscillation  constant  of  the  cymometer  corresponding  therewith  O,,  we 
have — 


C,  = 
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The  calculated  value  of  the  inductance  L^  of  a  rectangular-shaped 
circuit  made  of  round-sectioned  copper  wire  may  be  obtained  by  the 
formula  already  given.*^ 

The  expression  for  L  is  as  follows : — 

L,  =  4{(S  +  SO  log  ^'  -  S  log  (S  +  VS^TS^) 

-  S'  log  (S'  +  V  S'' +^''')  +  2  v^  S-*  +  S'"*  -  2(S  +  S')}    (1) 

where  S  and  S'  are  the  lengths  of  the  two  sides  of  the  rectangle,  and 
d  is  the  diameter  of  the  round  copper  wire  of  which  it  is  made. 

The  above  formula  is  a  strictly  accurate  one  for  infinite  frequency, 
and  can  easily  be  appUed  to  any  case  of  a  real  rectangular  circuit. 
The  logarithms  are,  of  course,  Napierian. 

We  can  therefore  construct  a  rectangular  circuit  of  wire  attached 
to  the  lid  of  the  box  of  the  c3rmometer,  which  has  a  known  pre- 
determined inductance  of,  say,  5000  cms.  Strictly  speaking,  there 
.  is  a  small  correction  for  the  tails  of  parallel  wire  which  connect 
the  rectangle  to  the  jar  at  one  end  and  to  the  coil  ati  the  other.  If 
considered  necessary,  this  may  be  taken  into  account  by  employing  a 
reduced  case  of  the  above  formula  for  the  inductance  of  the  rectangle. 

If  there  be  a  pair  of  circular-sectioned  wires  of  diameter  d  placed 
at  a  distance  D  apart,  the  inductance  for  a  length  /  of  the  parallel 
wires  is  given  by  the  formula 


L'  =  4z(log,?J^) (2) 


Hence,  if  the  length  of  the  tails  of  wire  at  each  end  of  the  rectangle 
is  the  same,  and  equal  to  /,  the  inductance  of  the  whole  circuit  is  equal 
to  L,  +  2L',  where  L^  and  L'  have  the  values  given  by  the  formulas 
above. 

If  we  v^sh  to  determine  the  high  frequency  inductance  of  a  short 
length  of  wire,  say  a  loop  of  copper  wire  of  one  or  two  turns,  we 
proceed  as  follows :  We  insert  this  loop  in  series  vrith  the  rectangular 
circuit,  and  with  a  condenser  of  which  the  capacity  has  been  deter- 
mined, and  employ  the  cymometer  as  above  described  to  determine 
the  oscillation  constant  of  the  circuit.  Then  let  L^  be  the  inductance 
of  the  loop  of  wire,  and  Li  that  of  the  rectangle,  and  Oi  the  observed 
oscillation  constant  when  Lj  is  used  alone,  and  O.^  when  Li  and  It,  are 
in  series.     Then  we  have — 

0,»  =  C(L,  +  L,) 
whence    L^  =  -^^  -* (3) 

We  can  always  check  the  result  by  using  as  a  loop  some  form  of 
circuit  of  which  the  inductance  can  be  calculated. 

Thus,  if  we  bend  a  bare  round-sectioned  copper  wire  into  a  square, 

"  See  Chap.  H.  p.  100. 
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with  the  ends  brought  quite  near  together,  we  can  predetermine  its 
inductance. 

We  have  here  a  reduced  case  of  the  general  formula  for  a  rect- 
angular circuit.  In  expression  above  put  S  =  S',  and  put  4S  =  I,  then 
the  formula  reduces  to — 


L  =  2/(log  ^  -  2-853) (4) 


Strictly  speaking,  we  should  add  to  the  value  of  the  expressions  (1) 
and  (4)  for  the  inductance  of  a  rectangle  and  a  square  a  term  equal 

TV 
to  2-^»  where  R'  is  the  high  frequency  resistance  corresponding  to  a 

frequency  n.     The  formulae  (1)  and  (4),   as  they  stand,  give   the 

R' 
inductance  for  infinite  frequency.     The  value  of  o —  is»  however, 

generally  negligible  compared  with  the  other  term,  and  the  expressions 
given  may  be  taken  to  be  the  inductances  for  any  frequency  of  the 
order  of  10*. 

In  the  next  place,  we  may  employ  the  same  instrument  to  deter- 
mine the  coefficient  of  coupling  of  the  circuits  of  an  air  core  trans- 
former, such  as  an  oscillation  transformer  used  in  wireless  telegraphy. 
Suppose  the  inductance  of  the  primary  circuit  to  be  denoted  by  L, 
that  of  the  secondary  by  N,  and  the  mutual  inductance  by  M.     Then 

M 
-JY^  is  called  the  coefficient  of  coupling,  and  is  a  quantity  of  importance 

in  the  theory  of  high  frequency  transformers. 

We  may  join  the  two  circuits  of  the  oscillation  transformer 
into  one  circuit,  so  that  they  assist  or  oppose  each  other  in  creat- 
ing co-linked  flux.  In  one  case  the  effective  inductance  is  equal  to 
L  +  2M  +  N,  and  in  the  other  case  it  is  L  —  2M  +  N. 

Hence  if  we  treat  the  oscillation  transformer,  so  joined  up,  in  the 
two  ways,  and  measure  as  above  its  effective  inductances,  and  call 
them  Li  and  L,,,  we  have— 

Li  =  L  -f  2M  +  N 

L,  =  L  -  2M  -f  N 

Li-  L, 
Hence    M  =  — r 

and    L  +  N  =  5^tJ^ 

We  can  then  determine  directly  and  independently  the  larger  of  the 
two  inductances  L  or  N,  and  hence  we  can  calculate  the  value  of 
M 
>    „,  or  the  coefficient  of  coupling  of  the  circuits.     As  an  instance 

of  such  a  determination,  we  may  give  the  measurements  made  with 
a  form  of  oscillation  transformer  used  in  wireless  telegraphy.  The 
primary  circuit  consisted  of  one  single  turn  composed  of  eight  turns 
of  7/22  insulated  copper  wire  in  parallel  wound  round  a  square 
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wooden  frame.  The  secondary  circuit  consisted  of  nine  turns  of  the 
same  stranded  wire  wound  over  the  primary  circuit.  The  resultant 
inductances  were  measured  by  the  cymometer  with  the  circuits  joined 
up  to  add  and  oppose  each  other. 

The  measured  values  were  as  follows : — 

Li  =  L  +  2M  +  N  =  62,676  cms. 

L,=  L-2M  +  N  =  49,621  „ 

N  =  55,445  „ 

whence  we  have    M  =  3239  „ 

and    L  +  N  =  56,098  „ 

therefore    L  =  653  „ 

and    N  =  55,445  „ 

M 
therefore     ',^-^  =  0"54         „ 
VLN 

The  coupling  would  therefore  be  called  "  close,"  as  it  is  usual  to  call 
the  coupling  "  close  "  or  "  tight "  when  the  coefficient  exceeds  0*5,  and 
"loose"  when  it  is  smaller.  The  theory  of  the  above-described 
instrument  is  involved  in  that  of  oscillation  transformers  generally, 
which  has  already  been  discussed.** 

If  there  be  two  circuits  each  having  inductance  and  capacity 
adjusted  so  that  when  separate  and  far  apart  each  has  the  same 
oscillation  constant  and  the  same  natural  frequency  «o»  ^^^^  when 
these  circuits  are  coupled  together  inductively  with  a  coefficient  of  coup- 

Ung  k  =  —j-===,  where  M  is  the  mutual  inductance  and  Lj  and  L^ 
V  IjiLi.j 

the  inductances  of  each  circuit  separately,  it  has  been  shown  that  we 

have  created  in  the  secondary  circuit  not  one  but  two  oscillations  of 

different  frequencies,  rii  and  fu^^  such  that — 

1 

n,2  =  n^ 


^/1  +  fc 


The  condition  that  n^  and  71.2  should  be  equal,  and  equal  to  tIq,  is  that 
k  =  0.  If  the  coefficient  of  coupling  is  not  small,  that  is,  if  the  mutual 
inductance  of  the  two  circuits  is  not  small,  we  cannot  employ  a  reso- 
nant or  adjustable  secondary  circuit  to  ascertain  the  natural  frequency 
of  the  oscillations  in  a  primary  circuit  when  the  secondary  circuit  is 
not  present.  If  the  adjustable  secondary  circuit  is  the  circuit  as 
described  of  a  cymometer,  then  in  order  that  its  indications  may  be 
correct  there  must  be  a  very  small  mutual  inductance  between  the 
cymometer  circuit  and  the  circuit  we  are  testing. 

It  is  evident,  therefore,  that  if  a  circuit  has  in  it  oscillations  of  a 

«•  Seo  Chap.  III.  p.  209,  §  11. 


BETECTIOK  AND  MEASUREMENT   OP  ELECTRIC  WAVES      413 

certain  frequency  rto,  and  we  couple  it  inductively  with  another  circuit 
which  can  be  adjusted  to  have  the  same  oscillation  constant  VCL,  in 
order  that  oscillations  of  only  one  single  frequency  equal  to  n^  should 
be  induced  in  this  adjustable  circuit,  it  is  essential  that  the  coefficient 
of  coupling  k  of  the  two  circuits  should  be  very  small.  Otherwise 
two  osciUations  of  different  frequency  are  excited,  the  frequency  of 
one  being  greater  and  that  of  the  other  less  than  that  of  the  free 
independent  original  frequency  n^  it  is  desired  to  determine. 

In  the  form  of  cymometer  here  described,  this  necessary  condition 
is  fulfilled  by  making  the  mutual  inductance  between  the  cymometer 
and  the  circuit  being  tested  very  small.  We  have  then  to  employ  a 
sensitive  detector  for  the  condition  of  resonance,  viz.  a  Neon  vacuum 
tube.  One  characteristic  of  the  above  form  of  cymometer  is  that  only 
a  small  portion  of  the  whole  inductance  of  the  cymometer  takes  part 
in  creating  mutual  inductance.  Another  is  that  one  single  move- 
ment of  a  handle  varies  simultaneously  and  in  the  same  proportion 
both  the  capacity  and  inductance  of  the  instrument.  In  using  a 
cymometer  for  measuring  the  frequency  of  the  oscillations  in  any  circuit, 
we  have  to  be  on  our  guard  against  disturbing  the  very  quantity  we 
wish  to  measure,  or  setting  up  in  the  cymometer  circuit  some  oscillation 
of  a  different  frequency.  It  is  an  obvious  deduction  from  the  above 
investigation,  that  in  using  the  cymometer  we  should  place  the  bar  of 
the  cymometer  as  far  away  as  possible  from  the  circuits  being  tested. 
We  can  make  use  of  the  cymometer  itself  to  demonstrate  the  fact  that 
in  the  close  coupling  of  isochronous  circuits  we  have  oscillations  of  two 
periodicities  set  up.  Thus  suppose  we  have  two  circuits  of  the  same 
time-period  when  separated  and  we  couple  them  together  inductively. 
Then,  if  we  investigate  with  the  cymometer  the  oscillations  set  up  in 
the  secondary  circuit,  we  find  it  to  be  a  complex  oscillation  resolvable 
into  components  of  different  periods.  The  cymometer  therefore  acts 
just  like  an  electrical  spectroscope.  It  resolves  the  complex  vibra- 
tions in  a  circuit  into  their  simple  components  and  shows  us  what  they 
are.  This  effect  is  very  marked  in  the  case  of  inductively  coupled 
aerials  in  wireless  telegraphy.  If  we  have  a  nearly  closed  condenser 
circuit  with  spark  gap  in  which  oscillations  are  set  up,  which  is  induc- 
tively coupled  to  an  aerial  or  antenna,  then,  even  if  the  two  circuits 
are,  in  common  language,  "  tuned  "  to  each  other,  so  that  they  have 
the  same  independent  time  period,  yet  when  coupled,  if  coupled  at  all 
tightly,  there  are  two  oscillations  set  up  in  the  aerial  of  different 
frequencies,  and  two  waves  radiated  of  different  wave  length,  which 
may  differ  in  length  by  15  or  20  per  cent. 

Another  form  of  closed-circuit  wave  meter  has  been  designed  by 
J.  Donitz.®^  He  employs  an  arrangement  consisting  of  a  circular  coil 
having  a  definite  inductance,  in  series  with  a  condenser  made  of  series 
of  semicircular  discs,  the  capacity  of  which  can  be  varied  within  limits 
by  the  revolution  of  these  discs  on  an  axis,  the  arrangement  of  the 
condenser  plates  somewhat  resembling  that  of  a  Kelvin  multicellular 
voltmeter  (see  Figs.  34  and  35).  These  plates  are  immersed  in  in- 
sulating oil.   In  inductive  connection  with  part  of  the  circuit  is  another 

"  See  EUhtrotechniache  ZeitschHfty  1903,  vol.  24,  pp.  920-926,  No.  6 ;  also  The 
Electrician,  January  1, 1904,  vol.  52,  p.  407 ;  also  German  Patent,  No.  149,360, 
Class  21  G. 
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(Elevation,) 


(Plan.) 
Fig.  34.— Donitz  Wavemeter. 


Fig.  36.— Donitz  Wavemeter.    (Perspective  view.) 


DETECTION   AND  MEASUREMENT   OP   ELECTRIC   WAVES      415 


small  circuit,  including  a  fine- wire  platinum  coil  sealed  up  in  the  bulb 
of  an  air-tbermometer.  Hence  the  production  of  tbe  maximum  current 
in  the  inductance  coil  and  condenser  is  estimated  by  the  reading  of 
the  air-thermometer  becoming  a  maximum.  The  instrument  is  used 
as  follows :  If  it  is  desired  to  measure  the  frequency,  and  therefore  the 
wave  length,  of  the  oscillations  in  any  circuit  open  or  closed,  a  loop  is 
formed  on  that  circuit,  which  is  placed  parallel  to  and  at  some  little 
distance  from  the  circiilar  coil  of  the  wavemeter.  The  oscillations 
in  the  first  circuit  are  then  permitted  to  induce  others  in  the  wave- 
meter  circuit,  and  the  capacity  of  this  last  is  altered  by  varying  the 
condenser  until  the  air-thermometer  gives  its  maximum  reading. 
When  this  is  the  case,  it  is  assumed  that  the  time  period  of  the 
two  oscillations  is  the  same,  that 
of  the  wavemeter  being,  of  course, 
known  from  the  known  inductance 
and  capacity  of  the  circuit.  Various 
coils  are  provided  with  the  instru- 
ment to  give  it  a  suitable  range  of 
measuring  power.  Other  forms 
of  cymometer,  consisting  of  a 
straight  helix  of  wire,  have  been 
devised  by  Professor  Slaby,  and 
also  by  G.  Seibt  and  Von  Arco. 

The  principle  on  which  these 
instruments  work  is  that  if  a  helix 
of  uninsulated  wire  is  held  in  the 
hand,  and  the  other  end  held  near 
to  a  circuit,  such  as  an  aerial  wire 
in  which  electric  oscillations  of 
potential  are  taking  place,  then 
we  can  alter  the  length  of  the 
heUx  until  it  is  such  that  stationary 
oscillations  are  excited  in  it  of  the 
same  frequency  as  those  in  the 
circuit  tested.  The  helix  will  have 
its  fundamental  oscillation  when 
its  length  is  nearly  one  quarter  of 
the  wave  length  on  it  correspond- 
ing to  that  frequency,  as  explained 
in  Chapter  IV. 

Professor  Slaby's  solution  of  the  problem  is  to  provide  a  series 
of  solenoids  of  wire  of  various  lengths,  wound  on  glass  tubes,  the 
turns  being  insulated  slightly  from  each  other.  These  solenoids 
are  capable  of  being  effectively  shortened  by  a  sliding  contact.  A 
solenoid  is  held  in  the  hand  by  one  end,  and  the  other  end  pre- 
sented to  the  aerial.  The  solenoid  has  its  effective  length  then  varied 
until  the  maximum  glow  appears  at  its  outer  end.  l^is  is  detected 
by  the  fluorescence  produced  on  a  barium  platinocyanide  screen, 
through  which  particles  of  gold  leaf  are  distributed,  and  then  it  is 
assumed  that  the  solenoid  has  had  an  oscillation  set  up  in  it  corre- 
sponding to  its  fundamental  oscillation,  and  having  a  wave  length 
therefore  equal  to  four  times  the  length  of  the  solenoid  wire.     The 


Fia.  86.  —  Slaby*8  Helix  Wavemeter. 
abf  graduated  wire  helix;  h,  earth 
plate ;  /,  sliding  contact. 


416   DETECTION  AND  MEASUREMENT  OF  ELECTRIC  WAVES 

end  of  the  solenoid  must  not  be  brought  nearer  to  the  aerial  than 
1  or  2  feet  (see  Fig.  36). 

It  appears  that  very  similar  arrangements  employing  an  open  or 
straight  resonance  coil  had  previously  been  employed  by  Dr.  G.  Seibt 
{Elektrotecknische  Zeitschrift,  1903,  No.  1 ;  or  TJie  Electrician,  vol.  60, 
p.  777.) 

In  the  use,  however,  of  a  straight  resonance  coil  for  this  purpose, 
great  care  is  necessary  to  ascertain  that  the  oscillation  set  up  in  the 
resonance  solenoid  is  the  fundamental,  and  not  a  higher  harmonic. 

The  diagram  in  Mg.  35,  taken  from  a  Patent  Specification  by  Pro- 
fessor Slaby,®*  shows  the  details  of  this  helix  wavemeter.  A  thin 
insulated  copper  wire  is  wound  in  a  close  spiral  on  a  glass  tube  of 
0*75  inch  diameter.  The  lower  end  of  the  copper  wire  is  in  con- 
ductive connection  with  a  metal  handle  attached  to  the  glass  tube. 
The  upper  end  of  the  copper  wire  is  connected  with  the  fluorescent 
sheet.  This  is  formed  of  a  small  sheet  of  paper  covered  with  crystals 
of  barium  platinocyanide,  gold  leaf  in  a  fine  state  of  division  being 
then  rubbed  on  the  surface.  The  sheet  of  paper  so  prepared  is  inserted 
in  the  upper  end  of  the  glass  tube,  and  kept  in  by  a  stopper. 

Also  a  blunt  metal  point  or  rod  is  provided,  which  is  connected  by 
a  wire  with  the  earth.  To  use  the  ine^rument,  the  end  of  the  spiral 
at  which  the  fluorescent  paper  is  placed  is  presented  to  the  circuit  in 
which  the  oscillations  are  taking  place,  and  the  blunt  metal  earthed 
rod  is  moved  along  the  spiral  until  the  brightest  glow  is  produced  in 
the  fluorescent  paper  by  the  electric  brush  discharge,  which  takes 
place  against  it  from  the  outer  or  free  end  of  the  helix.  A  scale  can 
be  marked  on  the  hehx,  showing  at  once  the  wave  length  or  the 
frequency  in  the  oscillating  circuit  being  tested. 

16.  General  Ppinciples  of  the  Construction  of  Wayemeters. — 
From  the  above  descriptions  it  is  evident  that  cymometers  or  wave- 
meters  may  be  divided  into  the  two  broad  classes  of  open  and  closed 
circuit  instruments. 

The  general  principles  which  must  guide  us  in  the  construction 
or  selection  of  a  wavemeter  have  been  well  stated  by  Professor  A. 
Slaby." 

In  the  first  place,  it  is  obvious  that  the  measuring  instrument  must 
not  disturb  the  natural  frequency  of  the  oscillation  it  is  desired  to 
measure.  If  we  wish  to  measure  the  pressure  of  gas  in  a  vessel  or 
the  electrical  potential  diffierence  between  two  points,  it  is  clear  that 
our  pressure  gauge  or  voltmeter  must  not  alter  the  value  of  the  quan- 
tity we  desire  to  measure  by  the  very  act  of  connecting  the  instrament 
used  to  take  a  measurement.  If  it  does,  although  we  may  obtain  a 
reading,  we  do  not  obtain  the  real  value  of  the  quantity  we  are  seeking. 

In  the  same  way,  if  we  wish  to  know  the  frequency  of  the  oscil- 
lations in  any  circuit,  then  it  is  clear  that  the  instrument  we  employ 
must  not  alter  the  capacity  or  inductance  of  the  circuit  tested  in  the 
act  of  making  a  measurement.  As  the  capacities  and  inductances 
with  which  we  are  concerned  are  generally  very  small,  it  is  quite  easy 
to  be  misled  on  this  matter.  Hence,  if  we  are  testing  the  frequency 
of  the  oscillations  in  an  aerial  wire,  as  used  in  wireless  telegraphy, 

•«  See  U.S.A.  Patent  Specification,  No.  776,369,  application  of  July  26, 1904. 
»^  See  Ekktrotechnische  Zeitschrift,  December  10, 1903,  vol.  24,  p.  1007. 
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it  is  of  the  utmost  importance  not  to  disturb  the  small  capacity  of 
the  aerial  by  connecting  to  it  any  object  which  will  sensibly  increase 
it.  Also  we  must  not  increase  its  inductance  by  making  loops  or 
curves  in  it. 

In  all  forms  of  open  circuit  or  helix  cymometer  there  is  a  great 
loss  of  energy  by  radiation.  Hence  these  generally  require  more 
applied  energy  to  work  them  than  do  the  best  forms  of  closed-circuit 
cymometer. 

We  may  also  distinguish  cymometers  by  the  mode  in  which  they 
are  coupled  to  the  circuit,  open  or  closed,  in  which  the  oscillations 
exist,  the  frequency  of  which  we  desire  to  know.  This  coupling  may 
be  electrostatic  or  electromagnetic,  and  involve  either  a  capacity  or  a 
mutual  inductance.  In  either  case  this  coupling  capacity  or  mutual 
inductance  must  be  very  small,  for  the  reasons  already  given.  It  is 
easier  to  render  the  mutual  inductance  small  and  better,  therefore,  to 
employ  a  closed-circuit  cymometer.  Hence  the  author  has  given  pre- 
ference to  the  closed-circuit  form  in  the  instrument  designed  by  him. 

The  last- mentioned  type  of  cymometer  has  also  the  great  advan- 
tage that  it  can  be  employed  to  measure  the  wave  lengths  of  waves 
arriving  on  the  receiving  aerial.  To  do  this  a  coil  of  a  few  turns  of 
insulated  wire  is  placed  around  the  long  bare  copper  wire  helix  HH 
(see  Fig.  32),  and  this  is  connected  in  between  the  aerial  and  the 
earth.  We  then  substitute  for  the  Neon  or  other  vacuum  tube  a 
magnetic  detector  or  any  other  sensitive  cymoscope.  The  handle  of 
the  instrument  is  then  moved,  varying  the  oscillation  constant  of  the 
instrument  until  the  best  effect,  whether  audible  or  visible,  is  produced 
in  the  detector  used.  The  scale  reading  of  the  cymometer  then  gives 
us  the  wave  length  of  the  arriving  wave. 

In  the  chapters  on  electric  wave  telegraphy  we  shall  discuss  the 
important  topic  of  the  suitability  of  electric  waves  of  various  wave 
lengths  for  effecting  wireless  telegraphy  in  or  across  different  regions. 


2  B 


PART  III.— ELECTRIC  WAVE  TELEGRAPHY 

CHAPTER  VII 

THE  INCEPTION  OF  ELECTRIC   WAVE  TELEGRAPHY 

i.  Earl^  Ideas  and  Experiments. — The  reader  who  desires  to  study 
the  earher  attempts  to  conduct  practical  telegraphy  without  connect- 
ing wires  must  consult  books  more  especially  devoted  to  the  historical 
side  of  the  subject.^ 

From  the  earliest  days  of  electric  telegraphy,  inventors  had  their 
attention  directed  to  the  problem  of  dispensing  in  part  or  entirely 
with  continuous  interconnecting  wires.  In  1838,  Steinheil  of  Munich, 
acting  on  a  suggestion  given  by  Gauss,  demonstrated  that  the  earth 
could  perform  the  function  of  a  return  for  a  telegraphic  circuit,  and 
thus  made  one  of  the  most  important  contributions  to  practical 
telegraphy. 

He  seems,  moreover,  to  have  anticipated  that  in  time  improve- 
ments might  be  effected  by  which  the  necessity  for  any  metallic 
circuit  at  all  would  be  removed.^  From  the  date  of  that  suggestion 
the  notion  of  telegraphy  without  wires  may  be  said  to  have  been  ever 
present  to  the  minds  of  telegraphic  engineers. 

The  necessity  for  finding  some  solution  of  the  problem  of  wireless 
telegraphy  increased  as  the  art  of  electric  telegraphy  itself  extended, 
even  if  it  were  only  to  enable  telegraphists  to  bridge  over  some  short 
break  or  interval  in  a  metallic  circuit.  Suffice  it  here  to  say  that  if 
we  exclude  the  method  depending  on  the  employment  of  electro- 
magnetic waves,  the  processes  which  had  been  previously  found 
feasible  or  had  been  suggested  were  based  upon — 

(i.)  The  conduction  of  electric  currents  through  the  moist  earth  or 
the  water  of  rivers,  lakes,  or  seas.  This  method  particularly  engaged 
the  attention  of  Morse,  Lindsay,  Trowbridge,  Preece,  Rathenau, 
Strecker,  Wilkins,  and  Melhuish. 

>  We  may  particularly  refer  the  reader  to  the  excellent  work  by  Mr.  J.  J.  Fahie, 
"  A  History  of  Wireless  Telegraphy  "  (Blackwood  &  Sons,  London  and  Edinburgh). 

«  See  Pahie's  "History  of  Wireless  Telegraphy,  1888-1899,"  1899,  p.  4  (Black- 
wood &  Co.) ;  also  Fahie*s  "  History  of  Electric  Telegraphy  to  the  Year  1887,'* 
pp.  848-848,  for  the  history  of  the  earth  return  in  telegraphy. 

Although  Steinheil  was  not  the  first  to  employ  or  suggest  the  use  of  an  earth 
return  for  completing  an  electric  circuit,  he  was  the  first  to  apply  it  in  practical 
telegraphy,  and  to  realize  its  importance. 

See  also  Steinheil, "  Ueber  Telegraphic,  insbesondere  durch  galvanischo  Krafte.** 
Munich,  1888. 

Interesting  quotations  from  Steinheil's  writings  are  given  in  Mr.  Fahie^s  book 
on  wireless  telegraphy. 
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(ii.)  Electromagnetic  induction  between  parallel  metallic  con- 
ductors, either  complete  circuits  or  circuits  including  earth  returns. 
Suggested  and  studied  by  Trowbridge,  Preece,  Stevenson,  and  Lodge. 

(iii.)  A  combination  of  methods  (i.)  and  (ii.).  Made  into  a  prac- 
tical system  chiefly  by  the  labours  of  Sir  William  Preece,  aided  by 
the  British  Postal  Telegraph  Engineers. 

(iv.)  Electrostatic  induction  between  conductors  separated  by  a 
greater  or  less  distance.  Brought  to  a  working  success  by  Edison, 
Gilliland,  Phelps,  and  W.  Smith,  as  a  means  of  communication  with 
moving  railway  trains. 

The  reader  wishing  to  have  some  information  with  regard  to  the 
earlier  researches  of  the  above-named  inventors  may  be  referred  to 
the  following  original  papers,  as  well  as  to  the  "  History  of  Wireless 
Telegraphy  "  by  Mr.  J.  J.  Fahie  above  mentioned. 

J.  Trowbridge,  *'  The  Earth  as  a  Conductor  of  Electricity,"  American  Acad. 
Arts  and  Sciences^  1880. 

W.  H.  Preece,  "  Recent  Progress  m  Telephony,"  British  Association  Report, 
1882. 

W.  H.  Preece,  "  Electric  Induction  between  Wires  and  Wires,"  British  Associ- 
ation Reports,  1886  and  1887. 

W.  H.  Preece,  "Electric  Signalling  without  Wires,"  Journal  Soc,  of  Arts, 
February  23,  1894. 

W.  H.  Preece,  "  Signalling  through  Space  without  Wires,"  Proc.  Roy,  hist. 
Lond,,  1897,  vol.  xv.  p.  467. 

W.  H.  Preece,  '*  iEtheric  Wireless  Telegraphy,"  Proc.  Inst.  Eke.  Eng.  Lond., 
1898,  vol.  xxvii.  p.  869. 

0.  J.  Lodge,  "  Magnetic  Space  Telegraphy,"  Proc,  Inst.  Elec.  Eng.,  1899,  vol. 
xxvii.  p.  799. 

In  many  cases  suggestions  Avere  put  forward  which  were  based 
upon  obviously  erroneous  ideas,  and  even  embodied  in  patent  specifi- 
cations without  being  subjected  to  critical  trial.  Nevertheless,  the 
best  of  the  methods  above  classified  had  only  enabled  comparatively 
short  distances  to  be  covered.  Even  the  most  efiFective  of  them,  viz. 
the  method  involving  both  conduction  through  the  soil  or  water  and 
electromagnetic  induction  between  parallel  wires,  was  extremely  hmited 
in  its  applicability  by  reason  of  the  necessity  for  employing  two  parallel 
metaUic  wire  circuits  almost  as  long  as  the  distance  to  be  bridged. 

A  new  era  dawned  when  the  scientific  investigations  commenced 
which  finally  placed  us  in  possession  of  the  principal  facts  connected 
with  the  generation  and  detection  of  electromagnetic  waves,  or  as 
they  are  more  shortly  called,  electric  waves. 

Maxwell's  profound  speculations  and  mathematical  researches 
resulted,  as  we  have  seen,  in  the  enunciation  in  1865  of  his  famous 
electromagnetic  theory  of  light.  This  theory,  owing  to  its  absti-act 
natui-e,  was  not  at  first  fully  appreciated.  Hertz's  discoveries  and 
investigations,  pubhshed  in  1888,  cast  a  flood  of  light  upon  its  mean- 
ing, and  whilst  opening  up  a  wide  and  promising  field  for  experimental 
investigation,  gave  such  enforcement  to  Maxwell's  theory  that  it  at 
once  commanded  general  attention. 

The  matter,  however,  which  chiefly  interested  physicists  were  the 
properties  of  the  long  waves  generated  in  the  aether  by  Hertzian 
methods,  and  the  similarity  between  the  effects  connected  with  them 
and  familiar  optical  phenomena.     Hence  a  rapidly  accumulated  mass 
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of  experimental  evidence  was  obtained,  tending  to  show  that  luminous 
radiation  is  electromagnetic  in  nature.  These  electro-optic  phenomena 
were  sedulously  studied,  and  physicjil  optics  became,  as  it  were,  a 
department  of  electromagnetiam. 

When  any  new  field  of  discovery  or  invention  is  thus  laid  open, 
it  invites  the  attention  of  two  classes  of  minds.  There  are  those  who 
are  chiefly  drawn  to  its  cultivation  by  a  desire  to  increase  purely 
scientific  knowledge,  and  to  explore  the  mysteries  involved,  regardless 
of  any  particular  practical  utility  they  may  possess.  On  the  other 
hand,  there  are  others  to  whom  this  pursuit  of  novel  facts  or  effects; 
or  the  unravelling  of  complicated  phenomena,  or  the  construction  of 
new  theories,  does  not  appeal.  They  are  impelled  to  look  at  once  for 
appHcations  of  the  new  knowledge  which  will  minister  to  the  con- 
venience or  mitigate  the  troubles  of  mankind.  Probably  in  neither 
case  is  a  more  personal  motive  entirely  absent,  but  whilst  some  minds 
regard  the  discovery  of  new  physical  facts  or  laws  as  an  end  in  itself, 
others  regard  them  only  as  a  means  to  an  end,  and  invent  rather 
than  discover  or  explore.  The  general  non-scientific  public  are,  how- 
ever, prone  to  attach  more  importance  to  the  so-called  appHcations 
than  to  the  discoveries  out  of  which  they  have  grown.  Hence  the 
practical  inventor  or  applier  of  scientific  knowledge  generally  occupies 
in  the  public  mind  a  more  prominent  position  than  the  purely  scientific 
investigator.  Unless  the  latter  has  the  good  fortune  to  make  some 
sensational  discovery  capable  of  immediate  technical  application,  such 
as  the  Bontgen  radiation,  his  work  will  seldom  attract  notice  outside 
of  a  limited  circle  of  experts.  So  it  was  in  the  case  of  the  field  of 
investigation  laid  open  by  Hertz.  Between  1888  and  1895  a  host 
of  scientific  workers  in  various  lands  gathered  in  a  rich  harvest  of 
scientific  knowledge  concerning  the  properties  and  powers  of  electro- 
magnetic waves.  The  non-scientific  public  concerned  itself  but  little 
with  these  results. 

In  1892  Nikola  Tesla  captured  the  attention  of  the  whole  scien- 
tific world  by  his  fascinating  experiments  on  high  frequency  electric 
currents.  He  stimulated  the  scientific  imagination  of  others  as  well 
as  displayed  hte  own,  and  created  a  widespread  interest  in  his  brilliant 
demonstrations. 

Amongst  those  who  witnessed  these  things  no  one  was  more  able 
to  appreciate  their  inner  meaning  than  Sir  William  Crookes.  More 
than  twenty  years  previously  he  had  explored  with  wonderful  skill  and 
insight  the  phenomena  of  electrical  discharge  in  high  vacua,  and  had 
produced  the  instrument  which  subsequently  produced  the  Eontgen 
rays.  He  allowed  a  trained  scientific  imagination  to  busy  itself  with 
the  recent  discoveries,  and  he  wrote  a  now  well-known  article  "  On 
some  Possibilities  of  Electricity  "  in  the  Fort  nigh  th/  Review  iov  February, 
1892  (p.  173),  in  which  he  endeavoured  to  forecast  some  of  the  appli- 
cations of  high  frequency  electric  currents  and  of  Hertzian  waves. 

In  this  outlook  into  the  future  he  clearly  discerned  the  coming  of 
a  new  form  of  wireless  telegraphy  based  on  an  application  of  Hertz's 
discoveries  to  the  communication  of  intelligence  from  place  to  place. 
In  the  course  of  the  paper  Sir  William  Crookes  made  a  cryptic  refe- 
rence to  experiments  in  this  direction  he  had  witnessed  "  some  years 
ago,"   which   wei'e   subsequently  explained  to  refer  to  unpublished 
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investigations  by  the  late  Professor  D.  E.  Hughes,  in  which  signals 
were  sent  "  a  few  hundred  yards  "  without  connecting  wires  by  the 
aid  of  a  telephone.  No  details  of  the  experiments  were  given,  or  any 
hint  of  how  the  result  was  obtained.  For  the  purposes  of  patent 
litigation  this  notable  essay  has  been  put  forward  as  an  anticipation  of 
subsequent  practical  work.  It  is  necessary,  however,  to  keep  clearly 
in  mind  the  true  meaning  of  **  invention."  Invention  does  not  con- 
sist in  displaying  a  few  brilliant  and  original  ideas.  Neither  does  it 
consist  in  outlining  a  certain  set  of  requirements  and  broadly  defining 
the  means  by  which  certain  ends  may  be  attained.  Invention  con- 
sists in  overcoming  the  practical  difficulties  of  the  new  advance,  not 
merely  talking  or  writing  about  the  new  thing,  but  in  dmng  it,  and 
doing  it  so  that  those  who  come  after  have  had  real  obstacles  cleared 
out  of  their  way,  and  have  a  process  or  appliance  at  their  disposal 
which  was  not  there  before  the  inventor  entered  the  field.  In  most 
cases,  however,  the  removal  of  the  obstacles  which  block  the  way  is 
not  entirely  the  work  of  one  person.  The  fort  is  captured  only  after 
a  series  of  attacks,  each  conducted  under  a  different  leader.  In  these 
cases  the  inventor  who  breaks  down  the  last  obstruction  or  leads  the 
final  assault  is  more  particularly  associated  in  the  public  mind  with 
the  victory  than  are  his  predecessors,  though  his  intrinsic  contribution 
may  not  be  actually  of  greater  importance. 

There  are  other  cases,  however,  in  which,  prior  to  the  work  of 
one  man,  we  can  find  no  actual  achievement,  although  the  end  to  be 
attained,  and  to  some  extent  the  character  of  the  means  to  be  used, 
are  clearly  recognized. 

In  the  article  to  which  reference  is  made  we  find  much  remarkable 
prognostication,  but  not  a  description  of  actual  inventions. 

It  emphasized,  in  fact,  how  much  at  that  date  (1892)  yet  remained 
to  be  done.  Speaking  of  electromagnetic  waves  and  their  properties, 
Sir  William  Crookes  says  {lor,  cif.) : — 

"  Here  is  unfolded  to  us  a  new  and  astonishing  world,  one  which  it  is  hard  to 
conceive  should  contain  no  possibilities  of  transmitting  and  receiving  intelligence. 

"  Bays  of  light  will  not  pierce  through  a  wall,  nor,  as  we  ki^ow  only  too  well, 
through  a  London  fog.  But  the  electrical  vibrations  of  a  yard  or  more  in  wave 
length  of  which  I  have  spoken  will  easily  pierce  such  mediums,  which  to  them 
will  be  transparent.  Here,  then,  is  revealed  the  bewildering  possibility  of  tele- 
graphy without  wires,  posts,  cables,  or  any  of  our  present  costly  appliances. 
Granted  a  few  reasonable  postulates,  the  whole  thing  comes  weU  within  the 
realms  of  possible  fulfilment.  At  the  present  time  experimentalists  are  able  to 
generate  electrical  waves  of  any  desired  wave-length  from  a  few  feet  upwards,  and 
to  keep  up  a  succession  of  such  waves  radiating  into  space  in  all  directions.  It  is 
possible,  too,  with  some  of  these  rays,  if  not  with  all,  to  refract  them  through 
suitably  shaped  bodies  acting  as  lenses,  and  so  direct  a  sheaf  of  rays  in  any  given 
direction;  enormous  lens-shaped  masses  of  pitch  and  similar  bodies  have  been 
used  for  this  purpose.  Also  an  experimentalist  at  a  distance  can  receive  some,  if 
not  all,  of  these  rays  on  a  properly  constituted  instnmient,  and  by  concerted 
signals  messages  in  the  Morse  code  can  thus  pass  from  one  operator  to  another. 
What,  therefore,  remains  to  be  discovered  is — firstly,  simpler  and  more  certain 
means  of  generating  electrical  rays  of  any  desired  wave-length,  from  the  shortest, 
say  of  a  few  feet  in  length,  which  will  easily  pass  through  buildings  and  fogs,  to 
those  long  waves  whose  lengths  are  measured  by  tens,  hundreds,  and  thousands 
of  miles ;  secondly,  more  delicate  receivers  which  will  respond  to  wave-lengths 
between  certain  defined  limits  and  be  silent  to  all  others ;  thirdly,  means  of  dart- 
ing the  sheaf  of  rays  in  any  desired  direction,  whether  by  lenses  or  refieotors,  by 
the  help  of  which  the  sensitiveness  of  the  receiver  (apparently  the  most  difficult 
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of  the  problems  to  be  solved)  would  not  need  to  be  so  delicate  as  when  the  rays  to 
be  picked  up  are  simply  radiating  into  space  in  all  directions,  and  fading  away 
according  to  the  law  of  inverse  squares. 

"  I  assume  here  that  the  progress  of  discovery  would  give  instruments  capable 
of  adjustment  by  turning  a  screw  or  altering  the  length  of  a  wire,  so  as  to  become 
receptive  of  wave-lengths  of  any  preconcerted  length.  Thus,  when  adjusted  to 
60  yards,  the  transmitter  might  emit,  and  the  receiver  respond  to,  rays  vary- 
ing between  45  to  55  yards,  and  be  silent  to  all  others.  Considering  that  there 
would  be  the  whole  range  of  waves  to  choose  from,  varying  from  a  few  feet 
to  several  thousand  miles,  there  would  be  sufficient  secrecy,  for  curiosity  the  most 
inveterate  would  surely  recoil  from  the  task  of  passing  in  review  all  the  millions 
of  possible  wave-lengths  on  the  remote  chance  of  ultimately  hitting  on  the  par- 
ticular wave-length  employed  by  his  friends  whose  correspondence  he  wished  to 
tap.  By  "  coding  "  the  message  even  this  remote  chance  of  surreptitious  straying 
could  be  obviated. 

*'  This  is  no  mere  dream  of  a  visionary  philosopher.  All  the  requisites  needed 
to  bring  it  within  the  grasp  of  daily  life  are  well  within  the  possibilities  of  dis- 
covery, and  are  so  reasonable  and  so  clearly  in  the  path  of  researches  which  are 
now  being  actively  prosecuted  in  every  capital  of  Europe  that  we  may  any  day 
expect  to  hear  that  they  have  emerged  from  the  realms  of  speculation  into  those 
of  sober  fact.  Even  now,  indeed,  telegraphing  without  wires  is  possible  within  a 
restricted  radius  of  a  few  hundred  yards,  and  some  years  ago  I  assisted  at  experi- 
ments where  messages  were  transmitted  from  one  part  of  a  house  to  another 
without  an  intervening  wire  by  almost  the  identical  means  here  described." 

The  above  vague  reference  to  experiments  on  telegraphy  without 
wires  over  a  short  distance  was  at  a  later  date  illuminated  by  the 
account  given  by  Professor  D.  E.  Hughes  himself,  of  the  precise 
nature  of  these  hitherto  undescribed  experiments.'  In  the  course  of 
his  work  on  the  microphone,  Professor  D.  E.  Hughes  had  occasion 
to  notice  the  wonderful  sensitiveness  of  a  "microphonic"  or  loose 
joint  between  conductors,  and  its  variation  of  resistance  under  impacts, 
such  as  those  of  sound  waves.  He  included  such  an  "  imperfect  con- 
tact "  in  series  with  a  voltaic  cell  and  a  telephone,  and  found  that  the 
resistance  of  certain  kinds  of  contact  was  affected  by  electric  sparks 
at  a  distance.  Using  a  contact  between  carbon  and  steel,  he  no  doubt 
constructed  some  form  of  self-restoring  coherer,  and  made  the  im- 
portant discovery  that  the  discharge  of  a  Leyden  jar  at  a  distance 
caused  a  sudden  variation  in  its  electrical  resistance,  and  hence  a  sound 
in  the  telephone  included  in  its  circuit. 

Professor  D.  E.  Hughes  stated  in  a  letter  addressed  to  Mr.  Fahie, 
on  April  29,  1899  {loc.  rit.),  that  he  showed  these  experiments  in  " 
December,  1879,  to  Sir  W.  H.  Preece,*Sir  William  Crookes,  Sir  W. 
Roberts- Austen,  Professor  W.  G.  Adams,  and  Mr.  W.  Grove ;  also  in 
February,  1880,  to  Mr.  Spottiswoode,  then  president  of  the  Royal 
Society,  and  to  Professor  Huxley  and  Sir  George  Gabriel  Stokes,  the 
secretaries.  In  addition,  he  exhibited  them  to  Sir  James  Dewar  and 
Mr.  Lennox.  He  was  apparently  discouraged  from  publishing  the 
results  at  the  time  by  finding  that  Sir  George  Stokes  considered  they 
were  due  to  ordinary  electromagnetic  induction.  It  is,  however,  clear 
from  the  statements  of  Professor  Hughes  himself  in  1899  that  he  had 
discovered  (but  not  announced)  in  1879  a  number  of  facts  afterwards 
rediscovered  by  Professor  E.  Branly  in  Paris  in  1891,  and  he  had, 
in  fact,  been  using  a  self-restoring  carbon-iron  coherer  in  series  with 
a  telephone,  which  was  affected  up  to  a  distance  of  a  few  hundred 

»  See  a  letter  by  Prof,  D.  E.  Hughes  in  T/w  Electrician,  May  5,  1899,  vol.  43, 
p.  40. 
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yards  by  the  electromagnetic  waves  created  by  an  electric  spark.  If 
at  the  time  he  had  publicly  placed  these  observations  on  recoi-d,  he 
would  undoubtedly  have  anticipated  some  at  least  of  Branly's  work, 
but  much  remained  to  be  done,  which  was  subsequently  done  by 
Hertz  and  by  Marconi,  before  electric  wave  wireless  telegraphy,  in 
any  true  sense  of  the  word,  could  be  translated  from  dream  to  fact. 

Four  years  passed  by,  however,  without  any  fulfilment  of  Crookes's 
scientific  prophecy,  although  the  most  eminent  physicists  continued 
to  work  at  the  subject. 

On  January  1,  1894,  the  scientific  world  heard  with  profound 
regret  of  the  death  of  Hertz. 

On  Friday,  June  1,  1894,  Sir  Oliver  Lodge  delivered  a  memorial 
lecture  on  "  The  Work  by  Hertz,"  in  the  Koyal  Institution,  London. 

This  lecture  was  remarkable  in  many  ways.  It  gave  many 
persons  the  opportunity  of  seeing,  for  the  first  time,  striking  experi- 
ments performed  with  Hertzian  waves.  The  lecturer  made  use  of 
a  modified  Branly's  metallic  filings  tube,  and  also  of  a  loose  or  im- 
perfect metaUic  contact  of  his  own  invention,  as  a  means  of  detecting 
the  electric  waves,  and  he  gave  to  these  devices  the  name  coheres,  by 
which  they  have  since  been  known. 

The  tube  was  a  glass  tube  loosely  filled  with  iron  borings  and 
closed  at  the  ends  with  metal  plugs  or  caps.  It  is  represented  about 
one-third  of  full  size  in  Fig.  3  of  Chapter  VI.  The  other  form  of 
coherer  was  a  loose  or  microphonic  contact  between  two  pieces  of 
metal,  the  pressure  of  which  could  be  adjusted  so  that  the  junction 
offered  too  great  a  resistance  to  pass  the  current  from  a  single  cell, 
but  cotiered  when  electric  waves  fell  upon  it.  In  both  cases  the  tapping 
back  or  decoherence  was  effected  by  hand  after  each  experiment. 

Experiments  on  the  reflection,  refraction,  and  polarization  of  these 
electric  waves  were  shown,  and  their  passage  through  stone  walls 
from  room  to  room.  Yet,  although  replete  with  interest,  the  lecture, 
as  originally  delivered,  contained  not  even  a  hint  of  a  possible  applica- 
tion of  these  electromagnetic  waves  to  telegraphy.  The  lecturer 
throughout  fixed  the  attention  of  the  audience  on  the  similarity 
between  the  effects  obtainable  with  these  waves  and  those  better  known 
effects  produced  by  rays  of  Ught. 

It  was,  in  fact,  an  experimental  demonstration  of  the  undulatory 
character  of  the  electromagnetic  radiation  from  an  oscillator,  and  of 
the  electromagnetic  nature  of  ordinary  light. 

Subsequently  the  lecture  was  pubhshed  as  a  book,  the  first 
edition  of  which  bore  the  title,  "  The  Work  of  Hertz  and  some  of  his 
Successors."  ^ 

These  experiments  and  some  variations  of  them  were  repeated  at 
the  meeting  of  the  British  Association  at  Oxford  in  the  following 
autumn,  but  here  again  no  mention  of  the  application  of  these  waves 
to  telegraphy  was  made,  the  object  of  the  experiments  being  to  illus- 
trate an  electrical  theor}^  of  vision,  and  to  expound  the  properties  of 
the  electric  w^aves.^ 

*  In  later  editions  issued  after  1896  the  title  was  changed  to  "  Signalling  across 
Space  without  Wires." 

*  See  The  Electrician,  August  17, 1894,  vol.  83,  p.  468.     For  pictures  of  the 
Lodge  apparatus  exhibited  at  Oxford,  see  The  Electrician^  vol.  89,  p.  687. 
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It  is  highly  probable  that  these  articles  and  lectures,  bringing 
home  80  forcibly  the  power  of  an  electric  spark  to  affect  or  make  a 
deflection  of  a  galvanometer  at  a  distant  place,  must  have  turned  the 
thoughts  of  many  ingenious  persons  to  its  utilization  as  a  means  of 
sending  telegraphic  signals.  Subsequently  we  were  informed  that 
the  matter  had  begun  to  occupy  the  minds  of  Dr.  A.  Muirhead, 
Captain  H.  B.  Jackson,  R.N.,and  Professor  R.  Threlfall,  and  perhaps 
many  more. 

Amongst  others,  Professor  A.  S.  Popoff,  Professor  in  the  Imperial 
Torpedo  School  in  Cronstadt,  Russia,  directed  his  attention  to  the 
subject,  attracted  to  it  by  Lodge's  lecture,  and  desirous,  as  he  says, 
of  repeating  the  experiments  both  for  lecture  purposes,  and  for  regis- 
tering electrical  perturbations  taking  place  in  the  atmosphere.  His 
apparatus  and  wave  detector  have  already  been  described  (see  Chap. 
VI.  §  3),  as  well  as  the  publication  of  his  description  of  them,  and 
experiments  conducted  with  them  in  January,  1896,  in  the  Journal  of 
the  Phyidco-Chemical  Society  of  St.  Petersburg, 

It  is  beyond  question,  however,  that  the  use  he  made  of  his 
apparatus  was  not  the  communication  of  intelligence  to  a  distance, 
but  of  studying  atmospheric  electricity.  The  observations  were  made 
at  the  Institute  of  Forestry,  St.  Petersburg.     Popoff  says — 

"  Upon  the  building  of  tho  Institute,  amongst  other  arrangements  made  for 
observing  the  direction  and  force  of  the  wind,  there  was  a  small  wooden  mast 
about  4  sajen  (28  feet)  higher  than  the  rods  carrying  the  anemometers  and  weather- 
cocks, and  which  was  furnished  at  the  top  with  an  ordinary  lightning  point  and 
rod.  This  lightning  rod,  by  means  of  a  wire  carried  first  on  the  wood  of  the  mast, 
and  further  stretched  across  the  yard  on  insulators  into  the  meteorological  obser- 
vatory, was  connected  with  the  apparatus  at  the  point  A  (Fig.  2),  whilst  the  point 
B  was  connected  to  a  wire  which  served  as  an  earth  conductor  or  connection  for 
the  other  meteorological  apparatus,  and  was  connected  to  the  water  supply  pipes. 
The  registering  arrangements  consisted  of  an  electromagnet,  to  the  armature  of 
which  there  was  attached  a  Bichard  pen  writing  on  a  Bichard  recording  cylinder, 
making  one  revolution  per  week.  It  was  found  that  the  apparatus  responded  by 
a  ring  of  the  bell  to  every  closing  of  an  electric  circuit  which  was  recording 
observations  of  the  direction  and  force  of  the  wind,  since  electric  oscillation  were 
then  set  ud  in  the  conductors,  connected  with  the  apparatus  by  the  common  con- 
ductor leading  to  the  earth  plate.  In  order  to  distinguish  these  marks  from  the 
others  made  by  atmospheric  electricity,  the  observers,  who  produced  the  ringing, 
made  a  note  each  time  on  the  cylinder.  This  action  upon  the  apparatus  was, 
however,  useful  for  the  purpose  of  being  sure  that  it  continued  in  good  order." 

That  this  primary  object  was  not  telegraphy  is  shown  by  the  para- 
graph with  which  he  concludes  his  paper  (loc,  cit.).     He  says — 

"  In  conclusion,  I  may  express  the  hope  that  my  apparatus,  with  further  im- 
provements, may  be  adapted  to  the  transmission  of  signals  to  a  distance  by  the 
aid  of  quick  electric  vibrations  as  soon  as  a  means  for  producing  such  vibrations 
possessing  sufficient  energy  is  found.'* 

We  are  left,  then,  with  this  unquestionable  fact  that  at  the  begin- 
ning of  1896,  although  the  most  eminent  physicists  had  been  occupied 
for  nine  years  in  labouring  in  the  field  of  discovery  laid  open  by 
Hertz,  and  although  the  notion  of  using  these  Hertzian  waves  for 
telegraphy  had  been  clearly  suggested,  no  one  had  overcome  the 
practical  difficulties,  or  actually  given  any  exhibition  in  public  of  the 
transmission  of  intelligence  by  alphabetic  or  telegraphic  signals  by 
this  means.     The  appliances  in  a  certain  elementary  form  existed, 
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the  advantages  and  possibilities  of  electric  wave  telegraphy  had  been 
pointed  out,  but  no  one  had  yet  conquered  the  real  practical  diffi- 
culties, and  exhibited  the  process  in  actual  operation. 

2.  Maroonrs  Work,  1898-1898.  -Meanwhile,  a  young  investi- 
gator had  been  busy  in  Italy.  Guglielmo  Marconi  was  born  at 
Bologna  on  April  25,  1874,  and  very  early  displayed  an  original  and 
inventive  mind.  He  studied  physics  under  Professor  Eosa  of  the 
Leghorn  Technical  School,  and  made  himself  acquainted  with  the 
published  writings  of  Professor  Rhigi  of  the  University  of  Bologna, 
whose  valuable  work  on  electromagnetic  radiation  was  well  known. 

When  little  more  than  twenty  years  of  age,  Marconi  had  not  only 
acquired  much  knowledge  of  Hertzian  wave  research,  but  he  had 
clearly  formed  the  intention  of  devoting  himself  to  its  utilization  for 
effecting  wireless  telegraphy. 

On  his  father's  estate  at  the  Villa  Griffone,  near  Bologna,  he  began 
experimenting  in  June,  1895,  with  Hertzian  waves,  using  an  ordinary 
spark  induction  coil,  and  making  for  himself  experimental  coherers 
or  various  forms  of  the  Branly  tube.  Before  long  he  originated  an 
important  improvement.  Instead  of  employing  the  Hertzian  form  of 
radiator,  he  connected  one  terminal  of  the  secondary  circuit  of  his 
induction  coil  to  a  metal  plate  or  net  laid  on  the  ground,  and  the 
other  by  a  wire  to  a  metal  can  or  cylinder,  placed  on  the  summit  of 
a  pole.  The  spark  balls  were  kept  at  such  a  distance  that  on  closing 
the  primary  circuit  of  the  coil  an  oscillatory  spark  passed  between 
them.  At  the  receiving  end  he  similarly  connected  a  metallic  filings 
sensitive  tube  between  an  earth  plate  and  an  insulated  conductor  or 
capacity.  He  then  began  systematically  to  examine  the  relation 
between  the  distance  at  which  the  spark  could  affect  his  coherer  and 
the  elevation  of  his  cans  or  cylinders  above  the  ground.  This  brought 
him  speedily  to  the  discovery  that  the  higher  the  cans  the  greater  the 
distance  over  which  he  could  work. 

Thus  in  1895  he  was  using  cubes  of  tin  about  1  foot  in  the  side, 
as  elevated  conductors  or  capacities,  and  found  that  when  placed  on 
the  tops  of  poles  2  ms.  high  he  could  receive  signals  at  30  ms. 
distance,  and  when  placed  on  poles  4  ms.  high  at  100  ms.,  and  at 
8  ms.  high  at  400  ms.  With  larger  cubes  of  100  cms.  side  fixed  at 
a  height  of  8  ms.  Morse  signals  could  be  transmitted  2400  ms.,  or  1^ 
mile,  all  round. 

Before  this  time,  however,  he  had  improved  the  Branly  metallic 
filings  tube,  and  produced  his  own  nickel-silver  filings  sensitive  tube 
already  described  (see  Chap.  VI.,  Fig.  4).  He  had  combined  this 
sensitive  and  regularly  acting  improved  coherer  with  an  electric- 
tapping  arrangement,  but  with  more  careful  insight  into  the  condi- 
tions to  be  fulfilled  and  a  greater  range  of  adjustment  than  previous 
workers. 

He  added  also  to  the  filings  tube  a  pair  of  inductances  or  choking 
coils,  intended  to  prevent  the  electric  oscillations  passing  through  the 
circuit  in  parallel  with  the  tube,  and  compel  them  to  expend  their 
energy  on  the  tube  itself.  He  placed  in  series  with  the  tube  a  single 
voltaic  cell  and  a  sensitive  relay,  and  employed  the  relay  to  actuate  a 
Morse  printing  instrument  worked  by  a  separate  set  of  cells.  In 
addition,  he  placed  shunt  circuits  across  the  tapper  break  contacts 
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and  relay  contacts  to  prevent  sparking,  and  therefore  disturbances  of 
the  sensitive  tube  by  local  effects. 

Finally,  he  mounted  the  whole  receiving  aiTangement  on  a  board 
and  enclosed  the  tube,  tapper,  and  relay  in  a  metallic  lx)x  to  shield 
them  from  the  direct  action  of  electric  sparks  made  in  their  vicinity. 

In  the  primary  circuit  of  the  induction  coil  at  the  transmitting 
end  he  placed  a  Morse  sending  key,  and  he  connected  the  secondary 
terminals  to  the  earth  and  to  an  elevated  conductor  as  described.  At 
the  receiving  end  he  connected,  in  the  early  experiments,  one  end  of 
the  coherer  tube  to  an  earth  plate,  and  the  opposite  terminal  to  an 
elevated  capacity.  Lastly,  he  made  such  adjustments  of  the  tapping 
arrangements  that  when  a  short  series  of  oscillatory  sparks  were 
made  at  the  induction  coil  by  just  depressing  the  Morse  key  in  its 
primary  circuit  for  one  moment,  the  combination  at  the  receiving  end 
printed  a  dot  on  the  Morse  tape,  and  when  the  key  was  depressed  for 
a  longer  time  it  printed  a  d<ish.  In  this  manner  the  two  signals 
required  for  forming  an  alphabet  on  the  Morse  code  were  obtained, 
and  letters  and  words  could  be  printed  on  the  tape  at  the  receiving 
end  by  properly  handling  the  key  at  the  transmitting  end. 

He  employed  at  first  the  ball  discharger  of  Professor  Ehigi,  which 
consisted  of  four  solid  brass  balls,  the  two  larger  central  ones  being 
separated  by  a  certain  small  interval,  and  the  space  between  filled 
with  vaseline  oil  kept  in  position  by  a  non-conducting  jacket  or 
membrane. 

In  some  experiments  Marconi  placed  the  discharge  balls  in  the 
focal  line  of  a  cylindrical  paraboUc  mirror,  and  the  receiver  in  the 
focus  of  another  similar  mirror,  using,  for  the  purpose  of  collecting 
the  wave  energy,  two  metal  strips  or  rods,  attached  to  the  extremities 
of  the  coherer  tube. 

In  1896  he  came  to  England  with  this  apparatus,  and  on  June  2, 
1896,  he  apphed  for  a  British  patent,  No.  12,039,  for  the  invention, 
which  was  duly  granted.  The  complete  specification  was  filed 
March  2,  1897.' 

In  July,  1896,  he  introduced  his  invention  and  new  method  of 
telegraphy  to  the  notice  of  Sir  William  Preece,  then  engineer-in-chief 
to  the  British  Government  Telegraph  Service,  who  had  for  the  pre- 
vious twelve  years  interested  himself  in  the  development  of  wireless 
telegraphy  by  the  inductive-conductive  method. 

On  June  4,  1897,  Sir  W.  H.  Preece  gave  a  lecture  to  a  large 
audience  at  the  Royal  Institution  in  London  on  "  Signalling  through 
Space  without  Wires." '  In  this  lecture,  after  expoimding  older  and 
other  methods,  he  devoted  considerable  time  to  exhibiting  and  explain- 
ing the  Marconi  apparatus,  and  spoke  of  it  in  the  following  terms : — 

'*  In  July  last  Mr.  Marconi  brought  to  England  a  new  plan.  Mr.  Marconi 
utilizes  electric  or  Hertzian  waves  of  very  high  frequency.  He  has  invented  a  new 
relay  which  for  sensitiveness  and  delicacy  exceeds  all  known  electrical  apparatus. 


'  The  United  States  of  America  equivalent  patent  was  numbered  originally 
No.  586,193,  applied  for  December  7, 1898,  and  issued  July  13, 1897.  After  amend- 
ment it  was  reissued  as  No.  11,913 ;  granted  June  4,  1901. 

'  See  The  Electrician,  June  11,  1897,  vol.  :t9,  p.  216  ;  also  Proc,  Roy.  Inst. 
Tjond.,  1897,  vol.  xv.  p.  467. 
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The  peculiarity  of  Mr.  Marconi's  system  is  that,  apart  from  the  ordinary  connect- 
ing wire  of  the  apparatus,  conductors  of  very  moderate  length  only  are  needed, 
and  even  these  can  be  dispensed  with  if  reflectors  are  used." 

Testifying  to  its  practicability  as  a  telegraphic  method,  Sir  William 
Preece  said — 

"  Excellent  signals  have  been  transmitted  between  Penarth  and  Brean  Down, 
near  Weston-super-mare,  across  the  Bristol  Channel,  a  distance  of  nearly  9  miles. 
On  Salisbury  Plain  Mr.  Marconi  covered  a  distance  of  four  miles." 

As  regards  the  means  used,  it  was  stated  that  up  to  a  distance  of 
four  miles  a  6-inch  spark  coil  sufficed,  but  for  greater  distances  a 


Transmitting  station. 


Receiving  station. 


Fig.  1.— Marconi's  Apparatus  for  Wireless  Telegraphy  in  1896.  B,  battery;  I, 
induction  coil ;  S,  spark  balls ;  K,  sending  key ;  E,  earth  plate ;  K|,  K, ,  kites 
upholding  aerial  wires ;  C,  coherer ;  B,  relay ;  M,  Morse  printing  instrument ; 
B„  Bf,  batteries. 

20-inch  spark  coil  had  been  employed.  In  these  experiments  the 
method  with  reflecting  mirrors  was  tried,  but  the  chief  part  was 
carried  out  by  connecting  one  terminal  of  the  coherer  and  the  spark 
coil  secondary  circuit  respectively  to  earth,  and  each  of  the  other 
terminals  to  nearly  vertical  wires  upheld  by  masts,  these  wires  termi- 
nating sometimes  in  metal  plates  or  cylinders,  or  else  the  wires  were 
upheld  by  balloons  or  kites  covered  with  tinfoil  in  the  manner  shown 
in  diagram  in  Fig.  1. 

The  evidence  at  this  date  all  goes  to  show  that  the  highest  autho- 
rities on  the  subject  admitted  the  novelty  of  Marconi's  telegraphic 
method  and  appliances. 

One  technical  paper  (the  London  Jilf'rfnrian)^  after  a  column  and 
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a    half    of    editorial    comment  on    the  Preece    lecture,   ended    by 
Baying— 

"  Meanwhile  we  wish  Mr.  Marconi,  his  apparatus  and  experiments,  all  possible 
success,  if  only  because  the  evolution  from  Maxwellian  equations  and  Hertzian 
vibrations  of  a  thoroughly  practical  system  of  telegraphy  will  prove  an  excellent 
object  lesson  on  the  value  of  pure  research.'^ ' 

Sir  William  Preece,  at  the  conclusion  of  his  lecture,  combated  the 
contention,  which  appears  to  have  been  raised,  that  Mr.  Marconi  had 
done  nothing  new,  and  said  (loc.  cU,) — • 

"  He  has  not  discovered  any  new  ravs ;  his  receiver  is  based  on  Branly's  coherer. 
Colombus  did  not  invent  the  egg,  but  he  showed  how  to  make  it  stand  on  its  end, 
and  Marconi  has  produced  from  known  means  a  new  electric  eye  more  delicate 
than  any  known  electrical  instrument,  and  a  new  system  of  telegraphy  that  will 
reach  places  hitherto  inaccessible.  .  . .  Enough  has  been  done  to  prove  and  show  that 
for  shipping  and  lighthouse  purposes  it  will  be  a  great  and  valuable  acquisition." 

The  news  of  these  successful  demonstrations  spread  abroad  and 
excited  great  interest.  Amongst  those  who  had  been  giving  attention 
to  the  utiUzation  of  Hertzian  waves  was  Professor  A.  Slaby,  one  of 
the  Engineering  Professors  in  the  Technical  High  School  at  Charlot- 
tenburg,  Berlin,  and  he  at  once  hurried  to  England  to  discover  how 
Marconi  had  solved  a  problem  that  had  hitherto  baffled  him 
(Professor  Slaby). 

After  seeing  and  assisting  in  the  experiments  across  the  Bristol 
Channel,  Professor  Slaby  wrote  a  magazine  article  on  "The  New 
Telegraphy,"  •  and  made  the  following  remarks : — 

*'  In  January,  1897,  when  the  news  of  Marconi's  first  successes  ran  through  the 
newspapers,  I  myself  was  earnestly  occupied  with  similar  problems.  I  had  not 
been  able  to  telegraph  more  than  one  hundred  meters  through  the  air.  It  was  at 
once  clear  to  me  that  Marconi  must  have  added  something  else — something  new — 
to  what  was  already  known,  whereby  he  had  been  able  to  attain  to  lengths 
measured  by  kilometres.  Quickly  making  up  my  mind,  I  travelled  to  England, 
where  the  Bureau  of  Telegraphs  was  undertaking  experiments  on  a  large  scale. 
Mr.  Preece,  the  celebrated  engineer-in-chief  of  the  General  Post  Office,  in  the 
most  courteous  and  hospitable  way,  permitted  me  to  take  part  in  these ;  and  in 
truth  what  I  there  saw  was  something  quite  new.  Marconi  had  made  a  discovery. 
He  was  working  with  means  the  entire  meaning  of  which  no  one  before  him  bad 
recognized.  Only  in  that  way  can  we  explain  the  secret  of  his  success.  In  the 
English  professional  journals  an  attempt  has  been  made  to  deny  novelty  to  the 
method  of  Marconi.  It  was  urged  that  the  production  of  Hertz  rays,  their  radia- 
tion  through  space,  the  construction  of  his  electrical  eye— all  this  was  known 
before.  Tnie ;  all  this  had  been  known  to  me  also,  and  yet  I  never  was  able  to 
exceed  one  hundred  metres. 

"In  the  first  place,  Marconi  has  worked  out  a  clever  arrangement  for  the 
apparatus  which  by  the  use  of  the  simplest  means  produces  a  sure  technical 
result.  Then  he  has  shown  that  such  telegraphy  (writing  from  afar)  was  to  bo 
made  possible  only  through,  on  the  one  hand,  earth  connection  between  the 
apparatus  and,  on  the  other,  the  use  of  long  extended  upright  wires.  By  this 
simple  but  extraordinarily  effective  method  he  raised  the  power  of  radiation  in 
the  electric  forces  a  hundredfold." 

The  two  and  a  half  years  between  June,  1896,  and  December,  1898, 
were  occupied  by  Marconi  with  numerous  public  demonstmtions  of 

»  See  Editorial  Notes,  The  Electrician,  vol.  89,  p.  208. 

•  See  Dr.  A.  Slaby  on  '*  The  New  Telegraphy,"  The  Century  Magazine^  April, 
1898,  vol.  56,  p.  867. 
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the  utility  of  his  system  of  wireless  telegraphy.  Space  cannot  be 
afforded  for  a  detailed  history,  but*  the  general  facts  are  as  follows : — 
The  autumn  of  1896  was  occupied  with  experiments  carried  out 
before  representatives  of  the  British  Government  Postal  Telegraph 
Department,  and  communication  was  established  over  a  distance  of 
2  miles.  Tests  were  also  carried  out  in  the  presence  of  the  Navy 
and  Army  representatives  (Captain  Jackson,  E.N.,  and  Major  Carr, 
E.E.),  on  Salisbury  Plain,  during  the  month  of  March,  1897,  when 
transmission  over  a  distance  of  eight  miles  was  demonstrated. 
In  May,  1897,  the  experiments  already  described,  between  Penarth 
and  Weston-super-mare,  were  made  across  the  Bristol  Channel, 
a  distance  of  9  miles.  In  July,  1897,  Marconi  undertook  demonstra- 
tions for  the  Italian  Government  at  Spezia,  in  Italy,  and  covered 
a  distance  of  12  miles  between  warships.  Communication  was 
then  set  up  by  him  between  Alum  Bay,  in  the  Isle  of  Wight,  and 


Transmitting  station. 


Receiving  station. 


Fig.  2.  —  Marconi'8  Apparatus  for  Wireless  Telegraphy  as  used  in  189&-98. 
A„  Aj,  strips  of  wire  netting  constituting  the  antennae,  upheld  by  insulators 
at  the  top  of  masts.  The  remaining  letters  refer  to  apparatus  as  mentioned 
under  Fig.  1. 

Bournemouth,  England,  a  distance  of  about  14  miles  over  sea,  and 
the  working  ojf  the  system  was  inspected  by  the  author,  in  April,  1898. 
Marconi  was  at  that  time  using  as  the  transmitter  a  10-inch  spark 
induction  coil,  and  a  discharger  consisting  of  four  balls  of  brass,  each 
about  2  inches  in  diameter,  spaced  slightly  apart  in  an  ebonite  frame. 
One  of  the  outer  balls  was  connected  by  a  thick  wire  to  an  earth 
plate,  and  the  other  outer  ball  by  a  wire  to  an  insulated  strip  of  wire 
netting  about  120  feet  in  length,  which  was  upheld  by  an  ebonite 
insulator  attached  to  a  sprit  hauled  up  to  the  top  of  a  120-foot  mast 
(see  Fig.  2).  These  balls  were  also  in  connection  with  the  secondary 
terminals  of  the  induction  coil,  and  the  four  brass  discharge  balls 
were  set  with  air  gaps  about  \  inch,'or  5  to  6  mm.,  long  between 
the  balls.  In  the  primary  circuit  of  the  induction  coil  was  placed 
a  massive  Morse  key  with  heavy  platinum  contacts.  Marconi  had 
at  that  time  abandoned  the  use  of  the  Rhigi  discharger  with  baUs 
in  oil.     The  receiver  used  was  exactly  as  already  described.     With 
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this  apparatus  telegraphic  messages  were  sent  in  Morse  code  at  ahout 
a  rate  of  12  to  15  five-letter  words  per  minute.  The  working  of  this 
Isle  of  Wight  to  Bournemouth  plant  was  inspected  by  many  notable 
men,  e.g.  Lord  Tennyson,  Lord  Kelvin,  and  others,  and  Lord  Kelvin 
gave  practical  expression  to  his  opinion  that  it  was  already  m  a 
commercial  condition  by  paying  for  a  message  sent  by  him  to  Sir 
William  Preece  at  the  General  Post  Ofl&ce,  London,  on  June  3,  1898. 

In  May,  1898,  communication  was  established  for  the  Corporation 
of  Lloyds  between  Ballycastle  and  the  Lighthouse  on  Bathlin  Island 
in  the  North  of  Ireland,  the  distance  being  7'6  miles. 

In  July,  1898,  the  Marconi  telegraphy  was  employed  to  report 
the  results  of  yacht  races  at  the  Kingstown  Eegatta  for  the  Dublin 
Erin-ess  newspaper.  A  set  of  instruments  were  fitted  up  in  a  room  at 
Kingstown,  and  another  on  board  a  steamer,  the  Flying  Hunlress. 
The  aerial  conductor  on  shore  was  a  strip  of  wire  netting  attached  to 
a  mast  40  feet  high,  and  several  hundred  messages  were  sent  and 
correctly  received  during  the  progress  of  the  races.  The  distances 
were  from  5  to  20  miles. 

At  this  time  His  Majesty  King  Edward  VII.,  then  Prince  of 
Wales,  had  the  misfortune  to  injure  his  knee,  and  was  confined  on 
board  the  royal  yacht  Osborne  in  Cowes  Bay.  Mr.  Marconi  fitted  up 
his  apparatus  on  board  the  royal  yacht  by  request,  and  also  at 
Osborne  House,  Isle  of  Wight,  and  kept  up  wireless  communication 
for  three  weeks  between  these  stations.  The  shore  mast  was  106 
feet  high,  and  the  wire  on  board  the  yacht  83  feet  high.  The 
distances  covered  were  small ;  but  as  the  yacht  moved  about,  on  some 
occasions  high  hills  were  interposed,  so  that  the  aerial  wires  were 
overtopped  by  hundreds  of  feet,  yet  this  was  found  to  be  no  obstacle 
to  communication. 

The  success  of  these  demonstrations  led  the  Corporation  of  Trinity 
House  to  afford  an  opportunity  for  testing  the  system  in  actual 
practice  between  the  South  Foreland  Lighthouse,  near  Dover,  and  the 
East  Goodwin  Lightship,  on  the  Goodwin  Sands.  This  installation 
was  set  in  operation  on  December  24,  1898,  and  proved  to  be  not 
only  most  successful,  but  of  the  greatest  practical  value.  It  was 
shown  that  when  once  the  apparatus  was  set  up  it  could  be  worked 
by  ordinary  seamen  with  very  little  training. 

At  the  end  of  1898  electric  wave  telegraphy  had  thus  been 
established  by  Marconi  on  a  practical  basis.  He  had  demonstrated 
its  utility,  especially  for  communication  between  ship  and  ship  and 
ship  and  shore,  a  work  which  could  not  be  accomplished  by  any 
other  system." 

It  had  been  shown  that  the  advantages  were  as  follows : — 

(i.)  It  worked  as  well  by  night  as  by  day,  and  in  bad  weather, 
fogs,  ©r  storms,  as  well  as  in  fair  weather;  provided  that  the  proper 
insulation  of  the  aerial  wire  or  elevated  conductor  was  maintained. 

(ii.)  In  certain  electrical  conditions  of  the  atmosphere,  and  during 
thimderstorms,  some  difficulty  was  usually  found  in  working,  owing 
to   the    atmospheric    discharges    affecting    the    sensitive    tube,   and 

"  A  summary  of  his  work  on  wireless  telegraphy  up  to  the  begiuning  of  1899 
is  given  in  a  paper  read  by  Mr.  Marconi  to  the  Institution  of  Electrical  Engineers 
on  March  2,  1899.     See  Journal  of  tfie  Irst.  Elec,  Eng,,  1899,  vol.  28,  p.  278. 
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therefore  making  stray  marks  on  the  Morse  tape  of  the  printer,  but 
seldom  sufficient  to  interrupt  communication  altogether. 

(iii.)  The  interposition  of  high  hills,  trees,  or  the  curvature  of  the 
earth  did  not  prevent  communication,  though  slightly  affecting  the 
power  required.  It  worked  particularly  well  over  sea  surface,  and 
between  ships  and  shore  stations. 

(iv.)  The  apparatus  could  be  set  up  and  handled  by  any  ordinary 
telegraphist,  and  the  record  was  made  on  paper  strip  in  the  usual 
Morse  code. 

(v.)  It  easily  covered  distances  far  beyond  those  feasible  or  attained 
by  other  systems  of  wireless  telegraphy. 


iftf  kittd  jKtmtrxioTi  (ff  ihf  tfarCfJiii   WtitcJ^i   Tclfpitipii   ' 'tf't\^'*ii*fj. 


Fig.  8. — The  Haveu  Hotel,  Sandbanks,  Poole,  and  Wireless  Telegraph  Mast. 
At  this  station  much  of  Mr.  Marconi's  research  work  on  wireless  telegraphy 
has  been  carried  out  since  1898. 


■  (vi.)  Lastly,  the  apparatus  required  was  by  no  means  costly,  and, 
with  the  exception  of  the  mast  required  for  upholding  the  aerial  wire, 
it  occupied  but  little  space,  and  was  particularly  adapted  for  use  on 
board  ship. 

The  general  appearance  of  the  collected  sending  and  receiving 
apparatus  required  inside  the  station  or  cabin  is  shown  in  Fig.  10. 

S.  Marconi's  ImproYements  in  1898  and  1899. — Marconi  was 
desirous  of  working  over  still  greater  distances  than  those  already 
covered,  but  the  difficulties  of  erecting  masts  for  elevating  the  aerial 
conductor  beyond  a  certain  height  were  considerable.  A  mast  100 
or  120  feet  high  is  a  comparatively  simple  thing  to  set  up.     It  can  be 
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erected  in  three  sections,  and  the  aerial  wire  can  be  supported  by 
insulators  from  a  cross  sprit  at  the  top  (see  Fig.  3). 

At  the  beginning  of  1899,  masts  120  to  140  feet  high  were  em- 
ployed, and  an  aerial  wire  consisting  of  a  stranded  copper  wire  7/20  or 
7/22  (generally  an  indiarubber  insulated  wire)  was  used.  Very  often  a 
cylinder  of  wire  netting  was  attached  at  the  top  or  insulated  end,  and 
sometimes  two  or  more  aerial  wires  in  parallel  were  used.  The  in- 
sulators were  round  rods  of  ebonite,  about  24  inches  long  and  1  inch 
in  diameter.  When  using  simple  wires  and  the  receiving  and  trans- 
mitting apparatus  of  the  1896-1898  type,  Marconi  had  found  that 
the  maximum  distance  which  could  be  covered  seemed  to  increase  in 
proportion  to  the  square  of  the  height  of  the  aerial  wire,  so  that  with 


To  Morse 
printer  a/nd 
local  battery. 


Fig.  4.— a,  receiving  antenna,  or  aerial  wire,  with  capacity  plate  at  summit; 
J,  jigger,  or  oscillation  transformer;  C,  coherer,  or  sensitive  tube;  E,  earth 
plate  ;  R,  relay ;  B,  relay  cell ;  K,  K,  choking  coils. 

aerials  100  feet  high  at  each  end  the  maximum  working  distance  was 
four  times  that  obtained  with  aerials  50  feet  high. 

He  introduced,  however,  at  this  date  an  improvement  into  his 
receiving  arrangements  which  had  the  result  of  increasing  its  sensitive- 
ness. Instead  of  inserting  the  sensitive  metallic  filings  tube  or 
cymoscope  directly  between  the  earth  plate  and  the  bottom  of  the 
receiving  aerial  wire,  an  oscillation  transformer  of  a  particular  form 
was  interposed  (see  Fig.  4). 

In  considering  the  production  of  stationary  electric  oscillations  in 
wires  in  Chapter  IV.,  it  has  been  explained  that  if  a  vertical  wire  is  set 
up  with  its  lower  end  in  connection  with  an  earth  plate,  then  when 
the  fundamental  oscillation  is  set  up  in  the  wire  we  have  a  node  of 
potential  and  an  antinode  or  maximum  of  current  at  the  lower  or 
earthed  end  of  the  aerial. 

2  p 
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If,  then,  we  cut  this  aerial  wire  near  the  earth  and  insert  a  coherer- 
between  the  earth  plate  and  the  aerial  wire,  the  production  of  oscilla- 
tions in  the  wire  only  results  in  establishing  a  relatively  small  difference 
of  potential  between  the  terminals  of  the  coherer.  This  instrument 
is,  in  fact,  being  employed  in  a  very  inefficient  manner,  and  inserted 
in  the  wrong  place.  We  shall  see  later  on  that  Professor  Slaby  found 
another  ingenious  solution  of  this  problem.  Marconi,  however, 
adopted  the  plan  of  inserting  in  the  base  of  the  aerial  wire  near  the 
earth  the  primary  coil  of  a  small  air  core  transformer,  J,  of  a  pecuUar 
kind,  the  secondary  terminals  of  which  were  connected  to  the  sensitive 
tube,  C  (see  Fig.  4).  In  this  manner  the  large  current  existing  near 
the  base  of  the  aerial  was,  so  to  speak,  transformed  into  high  voltage 
for  use  at  the  terminals  of  the  coherer.  To  do  this  effectively,  however, 
requires  a  special  form  of  transformer.  Lodge  had  previously  sug- 
gested in  a  British  patent  specification  the  employment  of  a  trans- 
formed oscillation  for  affecting  the  coherer  so  that  it  was  operated 
by  secondary  oscillations,  and  not  directly  by  those  in  the  receiving 


Fig.  6. — Half-sectional  Diagrams  illustrating  Various  Forms  of  Jigger,  or  Re- 
ceiving Oscillation  Transformer,  used  by  Marconi.  The  fine  zigsag  lines 
denote  layers  of  silk-covered  wire,  and  the  crossed  line  is  the  section  of  one 
side  of  a  glass  tube  on  which  the  wire  is  wound. 

rods."  Lodge,  however,  gave  no  details  of  construction,  and  from  the 
diagram  in  his  specification  it  is  impossible  to  determine  the  dimen- 
sions and  the  nature  of  the  circuits  suitable  for  making  a  transformer 
which  will  be  operative  in  any  given  case.  Marconi  discovered,  after 
innumerable  experiments,  the  proper  form  to  give  to  such  an  oscillation 
transformer,  and  particularly  described  it  in  patent  specifications  and 
lectures. 

Marconi's  oscillation  transformer,  or  "  jigger,"  in  one  form  con- 
sists of  a  glass  tube  about  1  cm.  in  diameter  and  4  to  8  cms.  in 
length.  On  this  is  wound  a  primary  circuit  consisting  of  a  length  of 
silk-covered  copper  wire,  which  may  vary  in  diameter,  according  to 
circumstances,  from  No.  26  to  No.  40  S.W.G.  This  coil  is  put  on  in 
one  layer,  or  in  two  or  more  layers,  which  may  be  joined  in  parallel 
or  in  series. 

The  total  length  of  primary  wire  may  be  from  3  to  20  feet  or 
more,  but  is  determined  by  the  aerial  used.  The  secondary  circuit  is 
wound  over  the  primary,  and  is  generally  a  silk-covered  copper  wire 

»  See  Lodge'B  British  Patent,  No.  11,676  of  1897. 
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of  size  No.  36,  or  No.  40  S.W.G.  It  may  have  a  length  of  100,  150, 
or  even  1000  feet  or  more,  according  to  the  wave  length  used.  Mar- 
coni found  it  to  be  an  advantage  to  wind  this  secondary  circuit  in  a 
peculiar  manner,  not  putting  it  on  in  level  layers,  but  bunching  it  in 
sections,  each  layer  in  each  section  consisting  of  a  smaller  number  of 
turns  than  the  preceding  and  inner  layer.  This  mode  of  winding  is 
indicated  in  the  diagrams  in  Fig.  5,  which  are  half  sections  of  various 
oscillation  transformers,  the  thick  black  lines  standing  for  layers  of 
primary  wire  and  the  thinner  lines  for  layers  of  secondary  wire.  The 
annexed  tables  give  the  numbers  of  the  primary  turns  and  the  secon- 
dary turns  in  the  various  tapering  bunches  or  sections  for  four  dififei-ent 
oscillation  transformers  described  by  Marconi  in  his  first  British 
Patent  Specification  on  the  subject.'** 


Jigger 

No.  1. 

Jigger 

No. 

2. 



Primary. 

Secondary. 

Primary. 

Secondary. 

2  layers  of  160 

3  sections  of  9, 11, 

2  layers  of  160 

4  sections  of  9 

turns  each,  in 

9  layers,  with  150 

turns  each,  in 

layers,  with 

parallel 

45 

40 

45 

parallel 

40 

80         40 

40 

39 

40 

35 

35     35  ,  35 

36 

87 

85 

30 

80     80  1  80 

30 

85 

30 

27 

27     27 

27 

25 

33 

25 

23 

28     28 

23 

20 

29 

20 

20 

20     20 

20 

15 

25 

15 

15 

15     15     15 

12 

21 

17 

10 

10     10     10 

5 

15 

14 

5 

5       5       5 

10 

5 

respecti 

turns  respectively 

turns  ] 

vely 

Jigger 

Jigger 

No.  3. 

No. 

4. 

2  layers  of  110 

turns  each,  in 

parallel 


12  layers  of 
100  turns 
80 
75 
GO 
50 
45 
40 
28 
20 
15 
10 
5 


Primary. 


4  layers 
80  tum8\.     ^^ 

78  „  r'^ 

76     „     \ 
72      „     / 


Secondory. 

16  layers  of 
60  turns 

54  „ 

46  „ 

42  „ 

40  „ 

86  „ 

32  „ 

29  „ 

26  „ 

23  „ 

20  „ 

18  „ 

14  „ 

12  „ 

9  „ 

7  „ 


"  See  British  Patent  Specifications,  No.  12,326  of  June  1,  1898 ;  also  No. 
of  April  1,  1899,  granted  to  G.  Marconi  and  others. 
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In  a  third  British  Patent  Specification  (No.  26,186  of  December  19, 
1898)  Marconi  described  an  additional  improvement.  He  divided  the 
secondary  circuit  into  two  parts,  and  separated  their  inner  ends  by  a 
small  condenser  /  made  of  paraffined  paper  and  tinfoil  sheets.  The 
outer  ends  of  the  secondary  circuit  were  connected  to  the  sensitive  tube 
or  coherer,  T,  and  the  inner  ends  of  its  two  sections  were  connected 
through  two  choking  coils  to  the  relay  or  local  telegraphic  instrument 
(see  Fig.  6).  The  reason  for  this  construction  is  that  the  outer  ends 
of  the  secondary  circuit  are  potential  antinodes  or  loops,  and  by 
joining  in  the  local  or  relay  circuit  in  the  centre  of  the  secondary 
circuit,  as  shown,  less  interference  is  produced  in  the  amphtude  of  the 
potential  variation  at  the  tube  terminals  than  if  the  relay  circuit  was 

connected  to  these  terminals,  as  pre- 
viously the  case. 

In  this  specification  Marconi  gave 
details  of  the  windings  of  two  "jig- 
gers "  suitable  for  working  with  send- 
ing and  receiving  aerials  140  feet  high, 
the  transmitting  system  being  the 
simple  aerial  directly  connected  to 
one  secondary  spark  ball  of  an  in- 
duction coil  as  already  described. 

"  The  specification  for  these  transformerB 
is  as  follows :  The  following  are  the  details 
of  the  coil  shown  in  Fig.  7.  The  primary  is 
wound  on  a  core  06  cm.  in  diameter,  and 
consists  of  100  turns  of  copper  wire  0*037 
cm.  (No.  28  S.W.G.)  in  diameter,  insulated 
with  single  silk  covering  and  coated  with 
paraffin  wax.  The  secondary  is  of  copper 
wire  0019  cm.  (No.  86  S.W.G.)  in  diameter, 
insulated  with  single  silk  covering,  and  is 
wound  over  the  primary,  commencing  in  the 
middle  and  in  the  same  sense  as  the  primary. 
Fio.6.— Arrangement  of  Apparatus  Each  half  of  the  secondary  is  in  layers  of 
in  Marconi  Receiver  for  Electric  the  following  number  of  turns :  first  layer. 
Wave  Telegraphy.  A,  antenna  ;  77 ;  second,  49 ;  third,  46;  fourth,  48  ;  fifth, 
E,  earth  wire ;  T,  sensitive  tube,  40 ;  sixth,  87 ;  seventh,  84 ;  eighth,  81 ; 
or  cymoscope  ;  j\  j»,  circuits  of  ninth,  28 ;  tenth,  25 ;  eleventh,  22 ;  twelfth, 
jigger ;  J',  condenser  in  centre  of  19;  thirteenth,  16;  fourteenth,  18;  fifteenth, 
jigger  secondary ;  c\  c*,  choking  10 ;  sixteenth,  7 ;  seventeenth,  8 ;  making 
coils;  R,  relay;  B,  relay  battery.      600  in  all." 

The  following  are  the  details  of  another  coil  described  in  the  same 
patent  specification. 

"  The  primary  wound  on  a  core  2-6  cms.  in  diameter  consists  of  60  turns  of 
copper  wire  007  cm.  (No.  22  S.W.G.)  in  diameter,  insulated  with  single  silk  cover- 
ing. The  secondary  is  of  copper  wire  0-006  cm.  (No.  47  S.W.G.)  in  diameter, 
insulated  by  a  single  silk  covering,  and  is  wound  over  and  in  the  same  sense 
as  the  primary.  Each  half  of  the  secondary  consists  of  160  turns  in  a  single 
layer." 

The  inventor  points  out  that  the  best  results  are  obtained  when 
the  secondary  circuit  of  the  oscillation  transformer  has  a  total  length 
equal  to  that  of  the  transmitting  aerial.  This,  however,  must  be 
understood  to  apply  to  the  form  of  simple  transmitting  aerial  up  to 
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that  time  used.  We  shall  consider  more  particularly  m  another 
chapter  the  general  physical  theory  of  these  oscillation  transformers. 

A  large  variety  of  forms  of  receiving  oscillation  transformer  have 
at  various  times  been  employed  by  Marconi,  and  it  forms  a  very 
important  element  in  his  system.  In  order  to  secure  good  results,  or, 
in  fact,  any  result  at  all,  the  length  of  the  secondary  circuit  of  this 
receiving  oscillation  transformer  must  bear  a  certain  relation  to  the 
length  of  the  wave  used. 

The  types  of  oscillation  transformer  the  details  of  which  are 
given  above  are  suitable  for  working  with  a  wave  length  of  about 
600  or  700  feet,  corresponding  to  an  aerial  140  feet  in  height,  when 
the  transmitting  arrangements  are  as  already  described.  If  the 
oscillation  transformer,  or  jigger,  is  not  wound  to  suit  the  wave  length 
employed,  so  far  from  being  a  benefit,  it  prevents  any  signals  being 
received  at  all. 

The  explanation  of  the  reason  for  the  peculiar  bunching  of  the 
secondary  circuit,  which  was  found  advantageous,  is  doubtless  that  it 
contributes  to  reduce  the  capacity  of  the  oscillation  transformer.     In 


Fig.  7.— Half-section  of  Jigger,  as  used  in  Receiver  shown  in  Fig.  6.    j\  jigger 
primary xjircuit ;  j*,  jigger  secondary  circuit ;  j',  jigger  condenser. 

an  oscillation  transformer  the  primary  and  secondary  circuits  form, 
so  to  speak,  the  coatings  of  a  condenser,  and,  moreover,  each  turn  on 
the  coU  has  capacity  with  respect  to  adjacent  turns.  The  capacity 
between  the  primary  and  secondary  circuits  acts  as  if  it  resided  in  a 
condenser  joined  across  the  terminals  of  the  secondary  circuit. 
Hence,  if  the  primary  circuit  of  such  a  transformer  is  inserted 
between  the  earth  plate  and  lower  end  of  an  aerial  wire,  and  if  a 
coherer  or  metallic  fiUngs  tube  is  joined  across  the  secondary  terminals 
of  the  transformer,  the  capacity  between  the  primary  and  secondary 
windings  is  equivalent  to  a  condenser  shxmting  the  terminals  of  the 
sensitive  tube.  A  metallic  filings  tube  itself,  before  the  high  resist- 
ance is  broken  down  by  an  electromotive  force,  acts  like  a  condenser 
of  veiy  small  capacity.  If,  therefore,  the  tube  is  shunted  by  a  relatively 
large  capacity,  the  difference  of  potential  at  the  terminals  of  the  tube 
which  is  effective  in  operating  it  is  reduced.  Marconi  therefore  sought 
for  means  to  reduce  the  capacity  between  the  primary  and  secondary 
circuits  of  his  transformer,  and  between  the  turns  of  the  secondary 
circuit  itself  without  reducing  the  secondary  terminal  voltage  or 
transformation  ratio  of  the  transformer,  and  found  that  this  bunching 
of  the  secondary  turns  was  effective. 
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The  employment  of  this  oscillation  transformer  in  the  receiving 
aerial  was  found  by  Marconi  to  increase  very  considerably  the  range 
of  working  of  the  apparatus  when  using  the  receiving  arrangement 
comprising  the  metallic  fihngs  tube  as  already  described.  Hence, 
towards  the  end  of  1898  he  was  able  to  attempt  wireless  telegraphy 


By  kind  jwmitsion  of  the  Mat-coni  Wireless  TeUgraph  Company,  Ltd. 


Fig.  8. -Mast  and  Antenna  Wire  at  the  Chalet  d'Artois,  Wimereux,  Bologne, 
whence  the  first  wireless  messages  were  sent  across  the  English  Channel  In 
March,  1899,  by  Mr.  Marconi. 

over  still  greater  distances  than  he  had  been  able  previously  to 
accomplish. 

i.  Marooni'B  English  Channel  Experiments  in  1899.— Just 

before  Easter,  1899,  Marconi  obtained  from  the  French  Government 
permission  to  erect  a  mast  for  wireless  telegraph  experiments  at 
Wimereux,  near  Bologne,  in  France,  and  a  corresponding  mast  was 
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erected  at  the  South  Foreland  Lighthouse,  near  Dover,  on  the  coast 
of  England.  The  distance  of  these  stations  from  one  another  was 
32  miles  (60  kilometres). 

The  apparatus  for  sending  and  receiving  was  erected  in  a  small 
room  in  the  South  Foreland  Lighthouse  on  the  English  side  of  the 
Channel,  and  on  the  French  side  in  the  Chalet  d'Artois,  at  Wimereux 
(see  Fig.  8). 

The  aerial  wires  were  single-stranded  copper  wires  160  feet  long, 
insulated  with  indiaruhber,  and  upheld  at  the  top  by  ebonite  rods  as 
insulators.  As  soon  as  the  plant  was  complete  Marconi  transmitted 
messages,  on  March  27,  1899,  across  the  English  Channel,  and  sent 
communications  in  this  manner  from  Wimereux  to  numerous  scientific 
friends  in  England.  The  result  was  to  create  an  immense  public 
interest  in  the  achievement  aU  over  the  world.  Up  to  that  moment 
wireless  telegraphy  by  electric  waves  had  attracted  only  a  very  limited 
general  attention ;  but  the  bridging  of  the  English  Channel  by  electric 
waves  was  one  of  those  sensational  feats  which  at  once  aroused  the 
daily  press  to  lively  comment  on  the  matter.  The  author,  after  spend- 
ing some  time  in  examining  the  appUances  and  working,  wrote  a  letter 
to  the  Ttjfifii,  published  on  April  3, 1899,  part  of  which  was  as  follows : — 

**  During  the  last  few  days  I  have  been  permitted  to  make  a  close  examination 
of  the  apparatus  and  methods  being  employed  by  Signor  Marconi  in  his  remark- 
able telegraphic  experiments  between  South  Foreland  and  Boulogne,  and  at  the 
South  Foreland  lighthouse  have  been  allowed  by  the  inventor  to  make  experiments 
and  transmit  messages  from  the  station  there  established  both  to  France  and  to 
the  lightship  on  the  Goodwin  Sands,  which  is  equipped  for  sending  and  receiving 
ether  wave  signals.  Throughout  the  period  of  my  visit,  messages,  signals,  con- 
gratulations, and  jokes  were  freely  exchanged  between  the  operators  sitting  on 
either  side  of  the  Channel,  and  automatically  printed  down  in  telegraphic  code 
signals  on  the  ordinary  paper  slip  at  the  rate  of  twelve  to  eighteen  words  a  minute. 
Not  once  was  there  the  slightest  difficulty  or  delay  in  obtaining  an  instant  reply 
to  a  signal  sent.  No  familiarity  with  the  subject  removes  the  feeling  of  vague 
wonder  with  which  one  sees  a  telegraphic  instrument  merely  connected  with  a 
length  of  150  feet  of  copper  wire  run  up  the  side  of  a  flagstaff  begin  to  draw  its 
message  out  of  space  and  print  down  in  dot  and  dash  on  the  paper  tape  the  inteUi- 
gence  ferried  across  SO  miles  of  water  by  the  mysterious  ether. 

"  The  apparatus,  moreover,  is  ridiculouslv  simple  and  not  costly.  With  the 
exception  of  the  flagstaff  and  150  feet  of  vertical  wire  at  each  end,  he  can  place  on 
a  small  kitchen  table  the  appliances,  costing  not  more  than  £100  in  all,  for  com- 
municating across  80  or  even  100  miles  of  channel.  With  the  same  simple  means 
he  has  placed  a  lightship  on  the  Goodwins  in  instant  communication,  day  and 
night,  with  the  South  Foreland  lighthouse.  A  touch  on  a  key  on  board  the  light- 
ship suffices  to  ring  an  electric  bell  in  the  room  at  South  Foreland,  12  miles  away, 
with  the  same  ease  and  certainty  with  which  one  can  summon  the  servant  to  one's 
bedroom  aLan  hotel.  An  attendant  now  sleeps  hard  by  the  instruments  at  South 
Foreland.  If  at  any  moment  he  is  awakened  by  the  beU  rung  from  the  lightship, 
he  is  able  to  ring  up  in  return  the  Ramsgate  lifeboat,  and,  if  need  be,  direct  it  to 
the  spot  where  its  services  are  required,  within  a  few  seconds  of  the  arrival  of  the 
caU  for  help.  In  the  presence  of  the  enormous  practical  importance  of  this  feat 
alone,  and  of  the  certainty  with  which  communication  can  now  be  established 
between  ship  and  shore  without  costly  cable  or  wire,  the  scientific  criticisms  which 
have  been  launched  by  other  inventors  against  Signor  Marconi's  methods  have 
failed  altogether  in  their  appreciation  of  the  practical  significance  of  the  results 
he  has  brought  about. 

**Up  to  the  present  time  none  of  the  other  systems  of  wireless  telegraphy 
employing  electric  or  magnetic  agencies  has  been  able  to  accomplish  the  same 
results  over  equal  distances.  Without  denying  that  much  remains  yet  to  be 
attained,  or  that  the  same  m^  not  be  effected  in  other  ways,  it  is  impossible  for 
any  one  to  witness  the  South  Foreland  and  Boulogne  experiments  without  coming 
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to  the  oonclusion  that  neither  captious  criticism  nor  official  lethargy  should  stand 
in  the  way  of  additional  opportunities  being  afforded  for  a  further  extension  of 
practical  experiments.  Wireless  telegraphy  will  not  take  the  place  of  telegraphy 
with  wires.  Each  has  a  special  field  of  operations  of  its  own,  but  the  public  have 
a  right  to  ask  that  the  fullest  advantage  shall  be  taken  of  that  particular  service 
which  ether  wave  telegraphy  can  now  render  in  promoting  the  greater  safety  of 
those  at  sea,  and  that,  in  view  of  our  enormous  maritime  interests,  this  country 
shall  not  permit  itself  to  be  outraced  by  others  in  the  peaceful  contest  to  apply 
the  outcome  of  scientific  investigations  and  discoveries  in  every  possible  direction 
to  the  service  of  those  who  are  obliged  to  face  the  perils  of  the  sea.    If  scientific 


From '  Tilt  Electrician, 


FiQ.  9.— Mast  and  Marconi  Aerial  Wire  erected  on  the  Tower  of  Town  Hall, 
Dover,  August,  1899,  for  Beoeption  of  Messages  from  France  during  the 
Meeting  of  the  British  Association  in  September. 
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research  has  forged  a  fresh  weapon  with  which  in  turn  to  fight  Nature,  *  red  in 
tooth  and  daw/  all  other  questions  fade  into  insignificance  in  comparison  with 
the  inquiry  how  we  can  take  the  utmost  advantage  of  this  addition  to  our 
resources/' 

Although  many  scientific  men  at  that  time  refused  to  admit  that 
these  cross-channel  experiments  were  indications  of  the  utility  of  the 
Marconi  telegraphy,  some  of  the  remarks  in  the  author's  letter  to  the 
Tim^',^  just  quoted  received  singular  confirmation  a  few  days  later. 
During  a  dense  fog  on  the  Channel  on  April  28,  1899,  a  steamer,  the 
E,  F,  Matthews,  outward  bound,  ran  into  the  East  Goodwin  Lightship 
and  inflicted  serious  damage.  The  lightship,  however,  being  provided 
vnth  the  Marconi  apparatus,  was  able  to  communicate  at  once  with 
the  station  at  South  Foreland  Lighthouse,  and  tugs  and  a  lifeboat 
were  sent  out  immediately  from  Kamsgate  to  the  assistance  of  the 
lightship.  But  for  this  timely  aid  the  lightship  would  most  probably 
have  sunk.  These  demonstrations  were  continued  uninterruptedly 
during  the  year  1899. 

In  the  autumn  of  that  year  the  British  Association  held  its  annual 
assembly  at  Dover.  This  meeting,  taking  place  just  a  hundred  years 
after  the  date  of  Volta's  epoch-making  invention  of  the  Voltaic  pile, 
was  made  the  occasion  of  certain  celebrations.  The  Author,  by 
request,  delivered  an  evening  discourse  on  "  The  Centenary  of  the 
Electric  Cmrent "  before  the  British  Association  in  the  Town  Hall, 
Dover.  At  his  suggestion  a  mast  had  been  erected  on  the  tower  for 
the  purposes  of  wireless  telegraphy  (see  Fig.  9).  The  Marconi 
apparatus  was  set  up  on  the  lecture  table  and  placed  in  direct 
communication  with  the  South  Foreland  Lighthouse  (4  miles),  with 
Wimereux,  in  France  (33  miles),  and  with  the  East  Goodwin  Light- 
ship (12  miles)  (see  Fig.  10). 

During  the  lecture  messages  were  sent  to  the  President  of  the 
French  Association  for  the  Advancement  of  Science  (M.  Brouardel), 
then  meeting  at  Boulogne,  and  numerous  messages  exchanged  with 
the  South  Foreland  station  and  the  East  Goodwin  Lightship.  Sub- 
sequently messages  were  sent  from  Wimereux,  in  France,  and 
received  directly  at  a  Marconi  station  established  at  Chelmsford,  in 
England,  a  distance  of  85  miles,  of  which  30  miles  were  over  sea 
and  55  miles  over  land.  The  height  of  aerials  at  both  stations  was 
150  feet. 

In  the  same  year,  the  interest  of  the  public  being  greatly  aroused 
over  the  races  for  the  International  Cup  between  British  and  American 
yachts,  Mr.  Marconi  went  over  to  the  United  States  and  employed 
his  apparatus  and  system  of  telegraphy  between  a  ship  and  the  shore, 
for  reporting  the  results  of  the  races  during  their  progress,  for  the 
i\>M'  York  Herald  newspaper.  Over  four  thousand  words  were  trans- 
mitted in  less  than  a  total  of  five  hours'  work  done  on  different  days. 

A  more  important  application  was,  however,  made  in  July  and 
August,  1899,  during  the  naval  manceuvres  of  the  British  Navy. 
Three  vessels  of  the  Eeserve  Squadron  were  fitted  with  the  apparatus, 
and  most  important  evolutions  were  carried  out  by  orders  given  by 
Marconi  wireless  telegraphy.  Two  cruisers  {Juno  and  Europd)  were 
equipped,  and  in  some  cases  important  orders  and  information  were 
transmitted  instantly  85  miles.     A  full  account  of  the  result  obtained 


442 


THE  INCEPTION  OP  ELECTRIC  WAVE  TELEGRAPHY 


THE   INCEPTION   OF   ELECTRIC   WAVE   TELEGRAPHY         443 

was  published  by  Commander  S.  Statham,  R.N.^*  In  this  work  the 
value  of  the  oscillation  transformer  in  the  receiving  aerial  was  fully 
demonstrated,  and  also  the  fact  that  the  curvature  of  the  earth  seemed 
in  no  way  to  interfere  with  the  transmission  of  the  electromagnetic 
waves  radiated  from  the  aerials  even  over  great  distances.  These 
demonstrations  assisted  to  establish  electric  wave  wireless  telegraphy 
both  for  naval  and  mercantile  marine  purposes  on  a  firm  basis. 

Contracts  with  large  transatlantic  shipping  companies,  and  agree- 
ments with  the  Corporation  of  Lloyd's  for  establishing  coast  stations, 
and  regular  and  permanent  services  of  wireless  commimication 
between  ship  and  ship  and  ship  and  shore,  were  soon  after  made  by 
Marconi's  Wireless  Telegraph  Company,  Limited.** 

By  the  end  of  1900  the  new  supermarine  wireless  telegraphy  had 
taken  an  unassailable  position  as  an  essential  aid  to  navigation, 
commerce,  and  naval  operations. 

6.  Marconi's  Work  on  Syntonic  Wireless  Telegraphy,  1899- 
1901. — From  the  very  commencement  of  practical  electric  wave 
telegraphy  it  was  recognized  that  some  means  must  be  found  for 
limiting  the  receptivity  of  wireless  telegraph  stations.  The  simple 
form  of  wave-detecting  arrangement,  first  used  by  Marconi  before  he 
introduced  the  peculiar  oscillation  transformer  just  described,  is  sensi- 
tive to  electric  waves  varying  very  considerably  in  wave  length ;  in 
fact,  a  single  electromagnetic  impulse,  or  so-called  solitary  wave,  if 
strong  enough,  will  aflFect  it.  Hence  atmospheric  electrical  discharges 
and  stray  or  vagrant  waves  sent  out  by  any  source  are  picked  up 
by  it. 

Several  distinct  problems  here  present  themselves.  In  the  first 
place,  we  may  desire  to  make  any  given  receiving  station  normally 
responsive  only  to  electromagnetic  waves  of  one  particular  wave  length. 
In  the  next  place,  we  may  wish  to  render  that  station  proof  against 
dehberate  attempts  to  hinder  communication  by  throwing  on  to  it 
violent  vagrant  or  disturbing  waves.  Thirdly,  we  may  want  to 
prevent  foreign  stations  from  picking  up  messages  not  intended  for 
them  which  are  being  sent  out  from  some  transmitter,  and  intended 
only  for  some  particular  receiving  station. 

The  first  problem  is  an  easier  one  to  solve  than  the  second  and 
third.  We  shall  defer  to  a  later  section  the  consideration  of  the 
dififerent  practical  solutions  which  have  been  oifered  of  these  problems, 
and  confine  ourselves  here  to  a  brief  description  of  Marconi's  work  in 
1900  on  this  subject.  All  the  methods  he  has  so  far  adopted  are 
based  upon  the  principle  of  resonance  or  syntony,  and  upon  the  fact 
that  oscillations  of  dififerent  frequency  can  coexist  in  circuits  which 
have  a  common  part. 

Early  in  1900  Marconi  applied  for  a  British  patent  (No.  7777  of 
April  26,  1900),  in  which  appliances  were  described  for  conducting 

"  See  article  in  the  Armij  and  Navy  Illustrated,  August,  1900;  also  a  Friday 
Eveniog  Discourse  at  the  Royal  Institution  by  G.  Marconi,  Februar>'  2, 1900,  Proc. 
Roy.  Inst.y  vol.  xvi.  No.  94,  p.  251. 

"  The  Wireless  Telegraph  and  Signal  Company,  Limited,  was  registered  on 
July  20, 1897,  with  a  capital  of  £100,000,  to  work  the  Marconi  system  of  wireless 
telegraphy  and  manufacture  the  Marconi  apparatus.  In  1900  the  name  was 
changed  to  that  of  Marconi's  Wireless  Telegraph  Company,  Limited. 
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syntonic  telegraphy  as  well  as   simultaneous   multiplex   telegraphy 
with  single  aerials. 

Some  mention  of  these  advances  was  made  by  the  Author  in  a 
letter  published  in  the  Times  of  October  4,  1900,  in  which  the  results 
of  certain  remarkable  demonstrations  given  in  the  previous  month 
were  described.  Keference  was  also  msbde  to  them  in  Cantor  lectures 
on  "  Electric  Oscillations  and  Electric  Waves,"  given  by  the  Author 
to  the  Society  of  Arts  in  November  and  December,  1900 ;  and  they 
were  subsequently  more  fully  discussed  in  a  paper  read  to  the  Society 
of  Arts  by  Mr.  Marconi  on  May  15, 1901,  entitled  "  Syntonic  Wireless 
Telegraphy.^* 


Fio.  11. — Arrangement  of  Transmitting  Apparatus  in  Marconi  System  of  Syntonic 
Wireless  Telegraphy.  A,  antenna ;  L,  tuning  inductance ;  E,  earth  plate ; 
p,  s,  oscillation  transformer ;  C,  condenser ;  S,  spark  balls ;  I,  induction  coil ; 
3,  battery ;  K,  sending  key. 


^V 


The  particulars  of  the  apparatus  described  in  the  above-mentioned 
specification  of  Marconi  are  as  follows :  — 

At  the  transmitting  end  the  original  arrangement  of  an  aerial  wire 
connected  to  one  spark  ball  of  the  induction  coil,  the  other  being 
earthed  (now  called  a  plain  aerial),  was  exchanged  for  an  aerial  con- 
sisting of  a  pair  of  inductively  coupled  circuits.  A  condenser,  usually 
taking  the  form  of  a  battery  of  Leyden  jars,  had  one  terminal  con- 
nected to  one  spark  ball  of  an  induction  coil,  and  the  other  to  the 
primary  circuit  of  an  oscillation  transformer.  The  opposite  terminal 
of  this  transformer  circuit  was  joined  to  the  second  spark  ball.  These 
spark  balls  were  placed,  as  usual,  in  connection  with  the  secondary 


**  See  Journal  of  the  Society  of  Arts ^  issue  for  May  17,  1901,  vol.  49,  p.  505. 
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terminals  of  an  induction  coil.  The  secondary  circuit  of  this  oscilla- 
tion transformer  was  inserted  between  the  aerial  wire  and  the  earth 
plate,  and  an  adjustable  inductance  coil  included  in  the  circuit  (see 
Fig.  11). 

The  oscillation  transformer  is  constructed  as  follows  :  It  consists 
of  a  square  wooden  frame,  wound  over  with  a  number  of  lengths  of 
highly  insulated,  thick-stranded  copper  cable  joined  in  parallel,  so  as 
to  make  a  primary  circuit  of  one  turn  of  extremely  low  resistance. 
In  some  cases  two  or  more  turns  may  be  employed.  Over  this  is 
wound  a  secondary  circuit  of  5  to  10  turns,  and  the  oscillation  trans- 
former is  usually  immersed  in  a  vessel  of  highly  insulating  oil.  This 
secondary  circuit  is  joined  in  between  the  aerial  and  the  earth,  a 
variable  inductance  being  interposed.  When  in  position  the  oscilla- 
tion transformer  forms  an  inductive  coupUng  between  two  circuits — 
one  a  nearly  closed  oscillation  circuit  of  large  capacity  and  small 
inductance,  and  the  other  an  open  oscillation  of  much  smaller  capacity 
and  greater  inductance. 

These  circuits  are  more  or  less  closely  "  coupled  "  by  varying  the 
distance  between  the  primary  and  secondary.  By  the  adjustment 
of  the  variable  inductance  inserted  between  the  earth  plate  and  the 
secondary  circuit  of  the  oscillation  transformer,  and  by  variation  of 
the  capacity  of  the  condenser  in  the  primary  circuit,  the  two  circuits 
are  brought  into  resonance  with  each  other.  When  oscillations  are 
set  up  in  the  closed  circuit  by  the  discharge  of  the  condenser,  the 
energy  stored  up  in  the  Leyden  jars  is  gradually  drawn  off  and  radiated 
by  the  open  circuit.  The  closed  circuit  thus  forms  a  reservoir  of 
energy,  and  it  is  in  itself  a  slightly  damped  circuit  or  persistent 
oscillator.  The  open  circuit  is  a  good  radiator,  and  is  kept  suppUed 
vnth  energy  by  the  reservoir.  Hence  we  have  a  much  more  per- 
sistent train  of  oscillations  set  up  in  the  aerial  at  each  discharge  than 
would  be  the  case  if  the  only  storage  of  energy  were  that  due  to  the 
small  capacity  of  the  aerial.  The  important  matter,  however,  is  the 
proper  "  tuning "  of  the  two  coupled  circuits.  This  can  be  effected 
in  several  ways : — 

One  plan  is  to  employ  a  hot-wire  voltmeter  which  is  connected  to 
two  points  on  the  circuit  of  the  earth  wire  leading  from  the  secondary 
circuit  of  the  oscillation  transformer  to  the  earth  plate.  When 
oscillations  are  set  up  in  the  aerial,  there  is  a  difference  of  potential 
between  these  points,  and  the  needle  of  the  hot-wire  voltmeter  makes 
a  more  or  less  steady  deflection.  This  reading  depends  not  only  upon 
the  maximum  value  of  the  oscillatory  current  during  each  train  of 
oscillations,  but  upon  the  logarithmic  decrement,  and  upon  the  number 
of  groups  of  oscillations  which  take  place  per  second.  If  the  spark 
gap  remains  the  same  length,  and  the  number  of  spark  discharges 
per  second  is  kept  constant,  then  any  change  in  the  capacity  of  the 
condenser  in  the  primaiy  circuit  or  in  the  inductance  of  the  aerial 
circuit  will  make  this  voltmeter  reading  either  greater  or  less.  We 
then  make  some  small  change  in  one  of  these  factors,  say  the  con- 
denser capacity,  such  that  the  voltmeter  reading  is  slightly  increased. 
We  then  continue  in  the  same  direction  until  the  voltmeter  reading 
begins  to  decrease  again.  In  this  manner  we  can  tell  approximately 
when  we  have  given  such  value  to  the  capacity  that  the  current  in 
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the  aerial  is  a  maximum  for  a  given  spark  length  and  spark  frequency. 
This  indicates  that  the  two  coupled  oscillation  circuits  are  approxi- 
mately in  syntony.  Another  method  is  to  alter  the  inductance  in 
series  with  the  aerial  and  secondary  circuit  of  the  oscillation  transformer 
until  the  maximum  potential  difference  between  terminals  of  this 
secondary  circuit  is  reached,  as  evidenced  by  the  spark  discharge 
between  them  being  of  the  greatest  possible  length. 

For  the  purposes  of  this  test,  a  sliding  ball  discharger,  highly 


Fig.  12.— Arrangement  of  Receiving  Apparatus  in  Marconi  System  of  Syntonic 
Wireless  Tele^aphy,  A,  antenna ;  E,  earth  plate ;  g\  g*,  timing  inductance  ; 
iSi*.  jigger;  j»,  jigger  condenser;  cS  c*,  choking  coils;  T,  i 


coherer ;  R,  relay ;  B,  battery. 


,  sensitive  tube,  or 


insulated,  with  means  for  easily  altering  the  distance  of  the  balls,  is 
joined  across  the  secondary  terminals  of  the  transformer. 

A  third  method  is  to  hold  a  rectangle  of  wire  neat  the  lower  part 
of  the  aerial,  the  rectangle  having  inserted  in  it  a  vacuiun  tube,  pre- 
ferably one  containing  rarefied  neon.^®  If  the  rectangle  is  placed 
with  one  side  parallel  to  and  near  the  aerial,  the  oscillatory  currents 
induced  in  it  will  cause  the  vacuum  tube  to  glow.     We  now  alter 

"  The  advantages  of  using  rarefied  Neon  in  a  vacuum  tube  as  a  means  of 
detecting  electrical  oscillations  were  first  pointed  out  by  the  author  in  a  paper 
read  to  the  British  Association  in  1904.     See  Phil.  Mag,,  October,  1904,  p.  419. 
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either  the  inductance  or  capacity  in  either  of  the  circuits,  and  notice 
whether  the  tube  glows  at  a  greater  or  less  distance  from  the  aerial, 
and  so  proceed  to  make  small  changes  until  we  have  succeeded  in 
making  the  tube  glow  at  the  greatest  possible  distance  from  the  aerial. 
This  indicates  that  we  have  produced  the  maximum  oscillation  of 
current  in  the  aerial.  The  spark  length  and  spark  frequency  must, 
of  course,  remain  unchanged  during  the  test." 

Turning  next  to  the  receiver,  the  diagram  of  connections  of 
Marconi's  syntonic  receiver  is  shown  in  Fig.  12. 

A  is  the  aerial  wire,  which  may  or  may  not  be  terminated  in  a  plate 
or  cylinder,  /.  At  the  foot  of  this  aerial  is  an  adjustable  inductance, 
/7,  and  this  is  connected  to  an  earth  plate,  E,  through  the  primary 
circuity,  of  an  oscillation  transformer.  The  terminals  of  this  trans- 
former are  connected  by  a  small  sliding  condenser,  h.  The  secondaiy 
circuit  7*2  of  this  transformer  is  cut  in  the  middle,  and  a  condenser,  /„ 
inserted.  The  outer  terminals  of  the  secondary  circuit  are  connected 
through  two  small  variable  inductances,  g^  and  g^,  with  the  terminals 
of  the  sensitive  tube  T,  and  are  also  connected  by  an  adjustable  con- 
denser, h\  From  the  terminals  of  the  middle  condenser  j^  proceed 
two  wires,  which  pass  through  choking  coils,  C,  and  C.^,  and  include 
the  relay  R  and  local  cell,  B,  for  working  the  relay.  The  Morse 
inker  or  other  telegraphic  instrument  and  associated  battery  connected 
to  the  relay  are  omitted  from  the  diagram.  The  oscillation  transformer, 
or  jigger,  placed  in  this  receiving  arrangement  has  its  secondary  circuit 
wound  as  already  described  in  Marconi's  three  British  Specifications, 
No.  12,326  of  1898,  and  Nos.  6982  and  25,186  of  1899  (see  §  3  of  this 
chapter). 

To  syntonize  the  receiver  with  itself  and  with  the  transmitter,  the 
two  circuits,  viz.  the  open  circuit,  comprising  the  receiving  aerial,  and 
the  closed  circuit,  comprising  the  secondary  circuit  of  the  oscillation 
transformer,  and  the  inductances  g^  and  g^,  and  the  condensers  j^  and 
h'  in  series  with  it,  must  be  adjusted  so  that  this  open  aiid  closed 
circuit  are  in  resonance  with  each  other,  and  have  the  same  natural 
time  period  as  the  transmitter  circuits  intended  to  correspond  with 
them.  These  different  frequencies  are  technically  termed  the  various 
tnne,%  and  the  operation  of  putting  the  circuits  into  syntony  or  reso- 
nance is  called  hining  the  receiver  and  transmitter  to  themselves  and 
to  each  other. 

In  his  British  Patent  Specification,  No.  7777  of  1900,  Marconi 
gives  the  details  for  nine  fune,^.  For  example,  one  tune  he  calls 
No.  7,  and  he  gives  the  particulars  of  the  transmitter  and  receiver  as 
follows :  — 

The  transmitting  aerial  consists  of  four  vertical  stranded  7/22 
copper  wires,  each  48*6  ms.  long,  connected  together  at  the  top  or 
insulated  end,  but  kept  apart  throughout  their  length  by  being  sus- 
pended from  the  arms  of  a  wooden  cross,  each  arm  of  which  is 
4  ms.  long. 

The  capacity  in   the  primary  of    the  oscillation  circuit  consists 

*'  Another  and  more  effective  means  is  to  employ  the  author's  cymometer  to 
make  a  measurement  of  the  oscillation  constant  of  the  open  and  closed  circuit 
respectively,  and  then  to  adjust  the  circuits  so  that  they  have  the  same  oscillation 
constant.     See  Chap.  IX. 
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of  a  number  of  Leyden  jars  in  parallel,  having  a  total  capacity  of 
0016  mfd. 

The  oscillation  transformer  consists  of  a  square  wooden  frame, 
the  side  of  which  is  30-48  cms.,  or  12  inches,  in  length,  wound  over 
with  a  primary  circuit  of  one  turn,  the  total  length  of  the  primary 
being  150  cms.  The  secondary  circuit  consists  of  six  turns  of  insu- 
lated wire  wound  on  the  same  frame,  three  turns  on  each  side  of  the 
primary.  These  two  circuits  are  made  of  highly  insulated  indiarubber- 
covered  stranded  copper  cable,  and  the  transformer,  when  made,  is 
immersed  in  a  vessel  of  highly  insulating  oil. 

The  oscillation  transformer  in  the  receiver  has  a  secondary  circuit 
consisting  of  73  15  ms.  of  single  silk-covered  copper  wire,  No.  40 
S.W.G.,  wound  in  one  layer  on  a  glass  tube  5  cms.  in  diameter.  The 
secondary  is  divided  at  its  middle  point.  There  are  two  primary 
circuits,  each  consisting  of  2*75  ms.  of  copper  wire  0*7  mm.  in 
diameter,  wound  on  tubes  6*5  cms.  in  diameter.  The  two  primaries 
are  placed  over  the  two  sections  of  the  secondary  circuit,  and  are 
joined  in  parallel.  Another  tune  he  calls  ^o.  8,  and  gives  particulars 
as  follows : — 

The  transmitting  aerial  consists  of  a  single  stranded  7/22  copper 
wire  48  ms.  long. 

The  condenser  in  the  primary  circuit  of  the  transmitter  consists 
of  one  or  more  Leyden  jars  having  a  total  capacity  of  0*007  mfd. 
The  oscillation  transformer  in  the  transmitter  has  a  primary  circuit 
consisting  of  ten  insulated  wires,  each  1*5  ms.  in  length,  wound  once 
round  a  square  frame,  the  side  of  which  is  30  cms.,  the  ten  wires 
being  joined  in  parallel.  The  secondary  circuit  consists  of  48*64  ms. 
of  insulated  wire,  wound  over  the  primary  in  16  layers,  the  first  or 
inner  layer  having  nine  turns,  the  second  eight  turns,  the  remainder 
seven,  six,  five,  and  two  turns  respectively. 

The  oscillation  transformer  in  the  corresponding  receiver  has  a 
secondary  circuit  consisting  of  48*64  ms.  of  single  silk-covered  copper 
wire  0*37  mm.  in  diameter,  wound  on  a  tube  9*6  cms.  in  diameter  in 
one  layer  and  cut  at  its  middle  point,  to  insert  the  condenser.  The 
primary  is  3*64  ms.  long,  made  of  wire  0*7  mm.  in  diameter,  wound 
symmetrically  over  the  middle  portion  of  the  secondary  circuit  in  one 
layer. 

In  both  cases  the  receiving  aerial  is  identical  with  the  transmitting 
aerial.  Marconi  states  that  these  two  tunes  give  good  signals  over 
distances  of  190  miles. 

The  invention  of  the  above-described  apparatus  enabled  Marconi, 
in  the  summer  of  1900,  to  conduct  and  exhibit  duplex  wireless  tele- 
graphy by  sending  and  receiving  simultaneous  messages  from  one  and 
the  same  aerial. 

The  arrangements  at  the  sending  and  receiving  ends  were  as 
shown  in  Fig.  13.  At  the  transmitting  end  the  two  transmitters  are 
connected  to  the  same  aerial  wire,  and  each  transmitter  is  operated 
independently  by  its  own  key.  Two  sets  of  waves  are,  therefore, 
radiated  from  the  aerial,  one  which  we  may  call  the  A  wave,  and  the 
other  the  B  wave. 

At  the  receiving  end  two  receiving  sets  are  also  connected,  .as 
shown,  to  one  and  the  same  aerial,  and  when  the  adjustments  are 
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properly  made,  one  of  these  receivers  responds  only  to  the  A  wave, 
and  the  other  only  to  the  B  wave.  Henoe  the  transmitters  may  be 
set  to  work  simultaneously,  and  simultaneous  but  different  messages 
received  on  the  two  transmitters. 

6.  Transatlantic  Wireless  Telegraphy.— Marconi's  investi- 
gations on  syntonic  telegraphy  were  essential  steps  in  the  accom- 
plishment of  his  great  ambition,  viz.  long-distance  transoceanic  wire- 
less telegraphy. 

In  January,  1901,  he  established  wireless  communication  on  his 
system  between  St.  Catherine's,  in  the  Isle  of  Wight,  and  the  Lizard, 
in  Cornwall,  a  distance  of  200  miles.  This  was  first  done  on 
January  23,  1901,  the  first  day  of  the  reign  of  His  Majesty  King 
Edward  VII. 

The  facts  were  mentioned  soon  after  in  an  address  given  by  the 


^sn^ 


TrafMmitting  station. 


'wm 


Receiving  station. 


Fio.  18. — Arrangement  of  Transmitting  and  Beoeiving  Apparatus  in  Marooni 
System  of  Multiple  Syntonic  Wireless  Telegraphy. 

Author  to  the  Liverpool  Chamber  of  Commerce  on  February  12, 1901, 
on  the  application  of  wireless  telegraphy  to  communication  with 
lightships  and  lighthouses.'^ 

Previously  to  this,  however,  in  June,  1900,  when  Mr.  Marconi 
returned  from  the  United  States,  after  having  achieved  the  feat  of 
sending  wireless  messages  over  100  miles,  he  had  arrived  at  the 
decision  to  make  a  serious  attempt  to  send  an  electric  wave  across  the 
Atlantic  and  detect  it  on  the  other  side.  He  had  long  held  in  view 
the  appUcation  of  his  system  of  wireless  telegraphy  to  transatlantic 
working,  not  merely  as  an  experimental  feat,  but  with  the  object  of 
making  it  a  means  for  commercial  communication. 

It  was  obvious,  however,  that  if  such  a  purpose  was  to  be  brought 
to  fruition  it  would  necessitate  the  employment  of  more  powerful 
electromagnetic  waves  than  those  previously  used,  and  it  was,  above 

*•  See  Liverpool  Courier  and  Liverpool  Journal  of  Commerce  of  February  13, 
1901. 
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all  things,  Decessary  to  be  perfectly  certain  that  the  prodaction  of 
these  waves  would  not  prevent  or  cripple  the  already  established 
wireless  communication  between  ships  and  the  shore.  Moreover,  the 
nature  of  the  plant  to  be  employed  required  careful  consideration. 

Up  to  that  date  the  only  appliances  used  in  creating  the  waves 
had  been  ordinary  induction  coils  taking,  say,  200  or  300  watts,  and 
giving  a  10-  or  20-inch  spark.     At  most,  therefore,  half  a  horse-power 
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Fig.  14.— Circle  of  Masts,  200  feet  in  height,  erected  to  sustain  the  Conical 
Antenna  at  the  Cape  Cod  Electric  Wave  Power  Stations  in  1901,  for  Marconi's 
Long-distance  Wireless  Telegraphy. 

had  been  the  expenditure  in  electrical  wave  making.  The  condensers 
used  had  been  ordinary  Leyden  jars,  and  no  difficulty  had  been 
found  in  making  and  breaking  the  15-  or  20-ampere  primary  current 
of  the  induction  coil,  with  a  heavy  Morse  key  to  make  the  signals. 
Although  Marconi  had  long  since  shown  that  increase  in  the  height 
of  the  aerial  increased  the  effective  range  of  signalling,  the  practicable 
height  of  masts  for  supporting  the  aerial  was  considered  to  be  about 
200  feet.  Hence  the  conclusion  was  that  transatlantic  wireless  tele- 
graphy could  only  be  accomplished  by  the  employment  of  greater 
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electrical  wave  energy.  This,  however,  necessitated  substituting  for 
apparatus  of  a  physical  laboratory  character,  viz.  induction  coils, 
Leyden  jars,  etc.,  engineering  plant  much  more  powerful,  yet 
arranged  so  as  to  be  safe  to  use. 

Knowing  the  experience  which  had  been  gained  by  the  Author  in 
dealing  with  extra  high-tension  alternating  currents  in  electric-lighting 
work,  Mr.  Marconi  invited  his  assistance  in  July,  1900,  in  specifying 
the  nature  of  the  electrical  engineering  plant  to  be  used,  and  also  in 
designing  special  portions  of  the  apparatus  for  generating  and  con- 
trolling the  powerful  .electromagnetic  waves  it  was  desir^  to  create 
and  use.  This  involved  many  experiments  on  a  small  scale  before 
embarking  on  the  construction  of  large  and  costly  plant  of  an  entirely 
new  type. 

A  convenient  site  at  Foldhu,  near  MulUoh,  on  the  coast  of  Corn- 
wall, was  leased  in  August,  1900,  for  the  erection  of  the  first  electric 
wave  power  station,  and  the  construction  of  appropriate  buildings 
was  commenced  in  October,  1900,  by  the  Marconi  Wireless  Telegraph 
Company. 

In  the  interests  of  scientific  history,  it  may  be  well  just  to  mention 
briefly  the  facts  and  dates  connected  with  the  first  serious  attempt  at 
transatlantic  wireless  telegraphy.  The  machinery  specified  by  the 
Author,  after  consultation  with  Mr.  Marconi,  began  to  be  erected  at 
Poldhu  in  November,  1900,  and  Mr,  Marconi  at  the  same  time  decided 
the  nature  of  the  aerial  that  he  proposed  to  employ.  This  was  to 
consist  of  a  ring  of  20  masts,  each  200  feet  high,  arranged  in  a  circle 
200  feet  in  diameter,  the  group  of  masts  supporting  a  conical  arrange- 
ment of  wires  insulated  at  the  top  and  gathered  together  at  the  lower 
point  in  the  shape  of  a  funnel  (see  Pig.  14). 

In  December,  1900,  the  building  work  was  so  far  advanced  that 
the  writer  was  able  to  send  down  drawings  showing  the  arrangement 
proposed  for  the  electric  plant  in  the  station.  This  beiig  deUvered 
and  erected,  experiments  were  tried  by  the  Author  at  Poldhu  in 
January,  1901,  for  the  purpose  of  ascertaining  how  far  it  would  be 
efficient  for  the  purpose  in  view. 

At  Easter,  1901,  the  Author  paid  a  second  long  visit  to  the  Poldhu 
station,  and,  by  means  of  a  short  temporary  aerial,  conducted  experi- 
ments between  Poldhu  and  the  Lizard,  a  distance  of  6  miles,  which 
were  sufficient  to  show  that  the  work  was  being  conducted  on  the 
right  lines. 

A  view  is  given  in  Fig.  16  of  the  Poldhu  station — the  first  electric 
wave  power  station  in  the  world — at  this  stage  of  the  enterprise. 

During  the  next  four  months  much  work  was  done  by  Mr.  Mar- 
coni and  the  Author  together,  in  modifying  and  perfecting  the  wave 
generating  arrangements,  and  numerous  telegraphic  tests  were  con- 
ducted during  the  period  by  Mr.  Marconi  between  Poldhu,  in  Cornwall, 
and  Crookhaven,  in  the  south  of  Ireland,  and  Niton,  in  the  Isle  of 
Wight.  A  delay  occurred  owing  to  a  storm  on  September  18,  1901, 
wrecking  a  number  of  the  masts;  but  sufficient  restoration  of  the 
aerial  was  made  by  the  end  of  November,  1901,  to  enable  Mr.  Marconi 
to  contemplate  making  an  experiment  across  the  Atlantic.  He  left 
England  on  November  27,  1901,  in  ss.  Sardinian,  for  Newfoundland, 
takmg  with  him  two  assistants — Messrs.  Kemp  and  Paget — and  also 
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a  number  of  balloons  and  kites.  He  arrived  at  St.  John's,  in  New- 
foundland, about  December  5,  and  made  arrangements  for  sending 
up  a  balloon  and  an  attached  aerial  wire.  Having  previously  in- 
structed his  assistants  at  Poldhu,  he  cabled  on  December  9,  1901,  to 
begin  a  programme  consisting  in  sending  the  letter  "  S  "  (which,  on 
the  Morse  alphabet,  consists  of  three  successive  dots)  from  3  p.m.  to 
6  p.m.  each  day.  Signals  began  to  be  sent  out  in  this  manner  from 
Poldhu,  in  Cornwall,  on  Wednesday,  December  11 ;  and  after  some 
difficulty  in  elevating  the  aerial  wire  in  Newfoundland  by  means  of  a 
kite,  Marconi  received  the  "  S  "  signals  at  St.  John's,  in  Newfound- 
land, on  Thursday,  December  12,  1901.     On  Friday,  December  13, 


From  a  photograph  by  the  Author. 

Fig.  15. — Photograph  of  tho  First  Buildings  erected  in  1900  at  Poldhu,  Corn- 
wall, England,  for  Experiments  on  Electric  Power  "Wave  Production  for 
Transatlantic  Wireless  Telegraphy. 

he  confirmed  this  result,  and  on  Saturday,  December  14, 1901,  he  was 
able  to  cable  a  message  to  Major  Flood  Page,  one  of  the  directors  of 
the  Marconi  Wireless  Telegraph  Company  in  London,  to  this  efiFeot : — 

"  St.  John^s,  Newfoundland,  Saturday,  December,  14, 1901.  Signals  are  b^ing 
received.  Weather  makes  continuous  tests  very  difficult.  One  hijloon  carried 
away  yesterday." 

In  these  experiments  the  actual  power  employed  in  Cornwall  for 
the  production  of  the  waves  was  not  more  than  10  or  12  kilowatts. 
The  sending  aerial  consisted  of  fifty  bare  stranded  copper  wires,  7/20 
in  size,  suspended  from  a  triatic  stay,  strained  between  two  masts  160 
feet  in  height  and  200  feet  apart.  The  wires  were  arranged  in  a  fan 
shape,  and  connected  together  at  the  bottom  by  a  bar,  a  common  wire 
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being  brought  from  the  junction  through  the  roof  of  the  station.  With 
this  arrangement,  however,  electromagnetic  waves  were  produced, 
which  crossed  the  Atlantic  and  retained  sufficient  energy  at  a  distance 
of  2200  miles  to  influence  the  receivers  employed  by  Mr.  Marconi. 

Full  details  of  his  operations  on  arriving  in  Newfoimdland  were 
given  in  a  communication  pubUshed  in  the  Times  of  January  3,  1902. 
On  arriving  in  Newfoundland,  Mr.  Marconi  secured  the  goodwill  and 
assistance  of  the  Governor,  Sir  Cavendish  Boyle,  and  also  of  the 
Premier,  Sir  Robert  Bond,  who  offered  him  every  assistance.  They 
placed  at  his  disposal  a  room  in  a  disused  Government  building,  which 


Btf  permiuion  qf  Ihe  Oenturjf  Company,  yew  York. 

Fio.  16. — Government  Building  on  Signal  Hill,  St.  John's,  Newfoundland,  in 
whioh  Mr.  Marconi  received  the  First  Electric  Wave  Wireless  Telegraphic 
Signals  sent  across  the  Atlantic  from  Poldhu  Power  Station  in  December, 
1901. 


occupied  a  site  on  Signal  Hill — a  lofty  eminence  overlooking  the  port 
of  St.  John's,  Newfoundland  (see  Fig.  16).  This  hill  is  crowned  by  a 
plateau,  2  acres  in  extent,  and  afforded  an  ample  area  for  manipulat- 
ing the  kites  and  balloons.  On  this  site  the  receiving  apparatus  was 
set  up,  and  on  Monday,  December  9, 1901,  Mr.  Marconi  and  his  assist- 
ants began  their  work.  By  Wednesday  they  had  inflated  their  balloon, 
and  it  made  its  first  ascent,  carrying  with  it  the  aerial  wire ;  but  it 
soon  broke  away  and  was  lost.  On  Thursday  they  succeeded  in 
elevating  a  kite  to  a  height  of  400  feet,  which  kept  an  aerial  wire 
attached  to  it  elevated  in  space. 
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As  the  object  of  these  experiments  was  in  the  first  place  to 
ascertain  whether  an  electric  wave  generated  with  any  such  power 
as  10  to  25  kilowatts  could  be  made  to  traverse  the  Atlantic,  and 
follow  round  the  curvature  of  the  earth,  it  was  obviously  out  of  the 
question  to  make  the  costly  permanent  arrangements  requisite  for 
utilizing  the  best  forms  of  syntonic  receiver. 

The  aerial  wire  used  consisted  of  a  copper  wire  400  feet  long, 
upheld  by  the  kite,  which,  in  the  strong  wind  then  prevailing  in  New- 
foundland, was  rising  and  falling  irregularly  during  the  experiments. 
Hence  the  electrical  capacity  of  the  wire  was  varying,  and  it  was 
impossible  to  make  use  of  any  form  of  syntonic  apparatus.  Marconi 
was  therefore  obliged  to  use  the  next  best  means  at  his  disposal.  He 
hardly  expected  to  obtain  in  this  first  attempt,  especially  with  non- 
syntonic  apparatus,  oscillations  in  his  temporary  receiving  aerial 
sufficiently  strong  to  actuate  one  of  his  ordinary  receivers,  including 
a  nickel  filings  tube,  tapper,  and  relay,  neither  was  it  absolutely 
necessary  to  record  the  signals.  He  therefore  employed  a  telephone 
as  a  receiver  simply  connected  in  series  with  a  coherer  of  some  kind. 
Those  employed  consisted  of  tubes  containing  loose  carbon  powder 
and  cobalt  filings,  and  also  the  form  of  carbon  mercury-iron  self- 
restoring  cymoscope  already  described  under  the  name  of  the  "  Italian 
Navy  coherer."  Experience  had  shown  that  a  tube  of  the  latter  kind, 
although  not  well  adapted  for  syntonic  telegraphy,  yet  when  used  in 
series  with  a  source  of  small  continuous  electromotive  force,  such  as 
a  shunted  Leclanche  cell,  and  a  telephone,  was  extremely  sensitive. ^^ 
On  the  second  day  experiments  were  made  to  ascertain  if  intelligible 
messages  could  be  sent,  but  the  difficulties  of  maintaining  the 
temporary  aerial  elevated  by  a  kite  at  the  precise  times,  when  the 
waves,  by  preconcerted  arrangement,  were  being  sent,  rendered  the 
few  signals  so  received  indistinct. 

Nevertheless,  it  had  been  demonstrated  that  an  electric  wave 
generated  by  no  inordinate  power  could  traverse  the  Atlantic  and 
retain  sufficient  energy  at  that  distance]  to  a£fect  a  telegraphic  wave- 
detecting  device.  This  achievement  created  an  immense  sensation 
in  every  part  of  the  civilized  world. 

These  profoundly  interesting  experiments  were,  however,  brought 
to  an  untimely  end  by  the  action  of  the  Anglo-American  Telegraph 
Company,  who  had  a  monopoly  of  receiving  in  Newfoundland 
transatlantic  messages  until  April  15,  1904.  They  entered  a  per- 
emptory demand  for  these  experiments  to  cease,  and  although  this 

**  Assertions  were  subsequently  made  that  Marooni  had  achieved  the  feat  of 
detecting  electric  waves  across  the  Atlantic  by  the  aid  of  other  inventions  than 
his  own.  As  the  object  of  these  first  experiments  was  to  discover  if  the  waves 
could  be  detected  at  all,  he  naturally  made  use  of  the  most  appropriate  means 
known  to  him.  The  use  of  a  telephone  as  a  means  of  detecting  small  but  sudden 
changes  in  the  resistance  of  a  microphonic  or  imperfect  contact  was  already  well 
known,  and  there  was  no  reason  why  he  should  not  have  employed  it  if  convenient. 

In  a  discourse  delivered  subsequently  at  the  Royal  Institution,  June  18, 1902, 
"  On  the  Progress  of  Space  Telegraphy,'*  Mr.  Marconi  described  in  detail  the 
methods  he  had  employed,  and  made  acknowledgment  of  the  assistance  he  had 
received  from  all  those  who  had  aided  him  in  the  design  and  working  of  the  appli- 
ances employed.  See  The  Electrician,  1902,  vol.  49,  p.  892 ;  and  also  the  Proceed- 
ings of  the  lioyal  Institution,  1902,  vol.  zvii.  p.  208. 
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was  generally  regarded  as  a  tactical  mistake  on  their  part,  Mr. 
Marconi  complied  and  removed  his  apparatus.*® . 

The  experiments,  however  brief,  demonstrated,  to  Mr.  Marconi, 
his  colleagues,  and  co-directors,  that  if  permanent  aerials  and  appro- 
priate power  stations  were  erected  on  the  coasts  of  Great  Britain  and 
the  United  States,  electric  wave  wireless  telegraphy  between  them 
was  fully  practicable. 

7.  Lon^-distanoe  Wireless  Tele^phy,  1902-19M.— Eetum- 
ing  to  England  in  February,  1902,  Marconi  made  arrangements  for 
the  erection  at  Poldhu  of  a  permanent  structure  for  carrying  a  large 
aerial.  This  consisted  of  four  wooden  lattice  towers,  each  210  feet 
high,  placed  at   the  comers  of  a  square  200  feet  inside.      These 


From  a  photograph,  by  ih^  Author. 

Fig.  17.— Lattice  Towers  erected  at  Poldhu,  Cornwall,  England,  to  carry  the 
Antenna  Wires  for  the  Marconi  Electric  Wave  Power  Station. 

structures  were  designed  and  erected  under  the  superintendence  of 
Mr.  A.  E.  Heming,  one  of  the  Marconi  Company*s  engineers.  They 
were  strongly  stayed  by  wire  ropes,  and  surrounded  by  stairways  for 
ascending  to  the  top  (see  Fig.  17  and  Frontispiece!').  The  towers  carried 
insulated  rope  triatic  stays,  from  which  was  suspended  a  conical 
arrangement  of  four  hundred  copper  wires  forming  the  aerial,  put  up 
in  sections  so  that  more  or  less  could  be  employed.  The  buildings 
for  the  generating  plant  were  placed  in  the  middle  of  the  area. 
Additional  machinery  was  obtained,  and  improvements  carried  out 
which  had  been  indicated  by  experience. 

At  the  same  time  similar  towers  and  stations  were  erected   at 

**  See  the  Times  of  January  8,  1902,  and  contemporary  newspapers  for  details 
of  this  controversy  and  incident. 


456  THE   INCEPTION   OF   ELECTRIC   WAVE   TELEGRAFHY 

Gape  Cod  in  Massachusetts,  U.S.A.,  and  at  Cape  Breton  in  Nova 
Scotia. 

It  is  not  possible  to  enter  at  present  into  the  details  of  the  appli- 
ances and  methods  of  working  employed  in  these  power  stations.  In 
much  of  the  work  the  Author  was  confidentially  consulted  and  assisted 
in  specifying  the  plant  and  devising  new  appliances  for  creating  and 
controlling  the  electric  oscillations  generated.  In  February,  1902, 
Marconi  returned  to  Canada,  and  on  the  way  across  the  Atlantic  con- 
ducted interesting  experiments  on  board  the  American  liner  the  ss. 
Philadelphia.  An  insulated  aerial  wire  60  metres  high  was  fixed  to  the 
ship's  masts.  Messages  sent  from  Poldhu  were  received  on  board  as 
the  vessel  went  west  and  printed  down  on  the  Morse  tape.  Eeadable 
messages  were  obtained  in  this  way  up  to  1661  miles  from  Cornwall, 
and  indications  or  signals  up  to  2099  miles,  by  the  aid  of  the  Marconi 
receivers  already  described. 

A  fact  of  considerable  interest  observed  on  this  voyage  was  that 
the  signals  could  be  received  at  a  greater  distance  by  night  than  by 
day.  They  ceased  entirely  at  700  miles  distance  by  day,  but  were 
detectable  up  to  1651  miles  by  night.  We  shall  make  fmiiher  refer- 
ence to  the  probable  reason  for  this  difference  in  Chapter  IX. 

In  July,  1902,  Marconi  conducted  similar  experiments  on  board 
the  Italian  Warship  Carlo  Alberto,  generously  placed  at  his  disposal  for 
this  purpose  by  the  Italian  Government,  on  a  voyage  from  England  to 
Gronstadt,  and  on  this  occasion  he  employed  his  magnetic  detector 
as  a  receiving  instrument  (see  Chapter  VI.,  p.  382),  the  invention  of 
which  had  occupied  him  for  some  long  time  previously. 

On  July  7,  1902,  the  Carlo  Alberto  left  Dover  for  the  Baltic,  having 
been  equipped  with  an  arrangement  of  aerial  wires  and  with  receiving 
apparatus.  Messages  were  received  on  board  from  Poldhu  as  far  as 
Cape  Skagen,  in  Denmark  (800  or  900  miles),  and  (July  16)  at  Gron- 
stadt (1500  mUes). 

In  these  experiments  a  considerable  part  of  the  great  circle  line 
between  the  sender  and  receiver  lay  over  land. 

In  August,  1902,  the  Carlo  Alberto  "proceeded  to  the  Mediterranean, 
continuing  to  receive  wireless  messages  from  Poldhu  on  the  way. 

On  September  11,  1902,  Mr.  Guthbert  Hall,  the  managing  director 
of  the  Marconi  Wireless  Telegraph  Company,  was  able  to  announce 
in  a  letter  to  the  Times  that  the  Carlo  Alberto,  which  left  England  on 
August  23,  had  reached  Spezia  (Italy),  and  had  been  in  constant 
communication,  by  electric  wave  telegraphy,  with  Poldhu  during  the 
voyage.  Perfect  messages  were  received  in  Gibraltar  Harbour  and 
throughout  the  Mediterranean  voyage.  Telegrams  for  the  King  of 
Italy  and  the  Italian  Minister  of  Marine  were  received  from  Poldhu 
and  printed  on  Morse  tape  in  Spezia  Harbour.  A  glance  at  the  map 
shows  that  the  electric  waves  in  this  case  must  have  crossed  the  Bay 
of  Biscay,  Spain,  France,  and  the  Alps.  Subsequently  the  Carlo 
AUnrrto  was  placed  at  the  disposal  of  Mr.  Marconi  by  the  ItaUan 
Minister  of  Marine  for  the  purpose  of  additional  tests  across  the 
Atlantic. 

The  Carlo  Allterto  sailed  from  Plymouth  with  this  object  on  October 
20,  1902,  for  Sidney,  Nova  Scotia.  She  was  fitted  especially  for 
this  voyage  with  gaffs,  by  which  antenna  wires  could  be  elevated  25 
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metres  above  the  trucks  of  the  spars,  forming  her  normal  rig  (see  Figs. 
18  and  19).  Between  these  spars  on  the  main  and  fore  mast  was 
slung  an  insulated  stay,  from  which  50  copper  wires,  forming  the 
aerial,  were  suspended.  The  operating  room  was  built  roimd  the 
after  conning  tower.  Messages  were  received  from  Poldhu  during 
the  voyage  and  whilst  the  ship  was  lying  in  Sidney  Harbour. 

Towards  the  end  of  1902  the  structures  erected  at  the  Nova  Scotia 
and  Gape  God  stations  to  carry  the  groat  aerials  were  sufficiently 
advanced  to  enable  preliminary  tests  to  be  undertaken.  On  December 
21,  1902,  Marconi  was  able  to  send  the  following  message  to  England 
from  Glace  Bay,  Nova  Scotia  : — 

"  I  beg  to  inform  you  that  I  have  established  wireless  telegraphic  communica- 
tion between  Cape  Breton,  Canada,  and  Poldhu,  in  Cornwall,  England,  with  com- 
plete success.  Inauguratory  messages,  including  one  from  the  Governor-General 
of  Canada  to  King  Edward  VII.,  have  already  been  transmitted  (December  21)  and 
forwarded  to  the  Kings  of  England  and  Italy/' 

Following  this  announcement  came  the  news  that  on  January  19, 
1903,  a  wireless  message  was  transmitted  across  the  Atlantic  from 
Wellfleet,  Gape  Cod,  Massachusetts,  U.S.A.,  to  Poldhu,  Cornwall, 
England,  from  Mr.  Roosevelt,  President  of  the  United  States,  to  King 
Edward  VII.,  as  follows : — 

"  To  His  Majesty  King  Edward  VII.,  London. 

"In  taking  advantage  of  the  wonderful  triumph  of  scientific  research  and 
ingenuity  which  has  been  achieved  in  perfecting  the  system  of  wireless  telegraphy, 
I  extend  on  behalf  of  the  American  people  the  most  cordial  greetings  and  good 
wishes  to  you  and  all  the  people  of  the  British  Empire." 

The  electromagnetic  waves  conveying  this  message  travelled  3000 
miles  over  the  Atlantic,  following  round  an  arc  of  45°  on  a  great  circle, 
and  were  detected  telephonically  by  the  Marconi  magnetic  receiver  at 

Poldhu.  f.         y  y 

In  the  next  few  months  a  large  number  of  messages  were  sent 
in  this  manner  in  both  directions  across  the  Atlantic.  In  April  some 
news  messages  were  transmitted  to  the  Times,  but  the  service  was 
interrupted  by  breakdown  of  a  portion  of  the  transmitting  appliances 
in  the  stations  on  the  American  side.  It  is  not  necessary  to  devote 
space  to  discussing  the  causes  of  these  delays  in  the  fulfilment  of  the 
expectations  which  had  been  raised  as  to  the  speedy  establishment  of 
regular  wireless  telegraphy  across  the  Atlantic. 

The  history  of  transatlantic  wireless  telegraphy  has  so  far  followed 
very  much  on  the  lines  of  the  history  of  submarine  cable  Atlantic 
telegraphy.  It  will  be  remembered  that  the  first  attempt  to  lay  a  cable 
across  the  Atlantic  in  August,  1857,  was  a  failure.  In  1858  a  cable 
was  laid  successfully,  but  it  broke  down  after  a  life  of  three  months, 
when  about  700  messages  had  passed  through  it.  From  that  date 
there  was  an  interval  of  nearly  seven  years  before  means  and  resolu- 
tion were  forthcoming  to  make  a  fresh  attempt.  A  third  effort  was 
made  in  1865,  but  it  was  only  in  1866,  or  nine  years  after  the  first 
expedition,  that  a  cable  was  laid  which  established  uninterrupted 
commercial  communication.'" 

»»  See  "  The  Story  of  the  Atlantic  Cable,"  by  Mr.  Charles  Bright.  Newnes  & 
Co.     London,  1903. 
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Hence,  although  those  interested  in  the  submarine  cable  industry 
have  not  been  slow  to  announce  their  belief  that  wireless  transoceanic 
telegraphy  can  never  be  brought  to  a  condition  to  compete  with  cables 
from  a  commercial  point  of  view,  impartial  students  of  the  history  of 
electrical  technology  will  hesitate  before  endorsing  this  opinion. 

We  have  only  to  glance  backwards  at  the  early  history  of  sub- 
marine cable  telegraphy  itself,  electric  telephony,  or  electric  lighting, 
to  see  that  when  there  is  a  substantial  scientific  achievement  on  which 
to  work,  technical  skill  and  commercial  enterprise  have  a  foundation 
on  which  a  superstructure  of  commercial  success  may  be  subsequently 
erected,  even  although  preliminary  failures  and  great  initial  difficulties 
have  to  be  faced.  The  facts  which  were  established  beyond  question 
by  the  end  of  1902  were,  that  telegraphic  messages  could  be  sent 
3000  miles  across  the  Atlantic  by  electromagnetic  waves,  at  a  speed 
and  with  a  certainty  which  is  not  in  any  degree  inferior  to  that 
effected  by  ordinary  submarine  cable  telegraphy,  when  employing 
single  transmission  and  hand  sending. 

This  was  done  in  little  more  than  six  years  from  the  date  of 
Marconi's  first  public  exhibition  of  electric  wave  wireless  telegraphy 
in  Great  Britain,  conducted  over  a  maximum  distance  of  only  tux) 
miles.  In  view  of  this  fact,  he  will  be  a  bold  prophet  who  will  venture 
to  affirm  what  may  not  be  done  in  six  years  more. 

It  is  useless,  however,  to  expend  time  in  speculating  whether 
transoceanic  wireless  telegraphy  is  destined  to  affect  the  traffic  through 
cables.  The  history  of  past  competitions  of  an  analogous  kind  shows 
that  they  will  probably  coexist.  When  the  news  came  to  England  in 
1878  that  Edison  had  succeeded  in  making  a  practical  incandescent 
electric  lamp,  a  serious  fall  in  gas  shares  occurred.  The  public  jumped 
to  the  conclusion  that  the  new  electric  light  would  kill  gas.  It  took 
fifteen  years  for  the  use  of  the  incandescent  lamp  to  make  any  im- 
pression at  all  on  private  gas  lighting ;  and  subsequent  improvements 
in  gas  burners  have  resulted  in  more  gas  being  used  now  than  before 
the  advent  of  electric  lighting. 

The  public  in  the  same  manner  flung  their  cable  shares  on  the 
market  in  the  spring  of  1902,  in  the  belief  that  the  wireless  telegraphy 
would  immediately  replace  the  present  submarine  cable  telegraphy, 
and  sensational  newspaper  announcements  assisted  the  depression. 

On  the  other  hand,  experience  shows  that  it  is  unwise  to  prophesy 
failure  for  any  technical  enterprise  which  has  a  real  basis  of  scientific 
fact  beneath  it.  It  has  been  demonstrated  that  ordinary  code -and 
commercial  messages  can  be  transmitted  across  the  Atlantic  by 
electromagnetic  waves,  but  outstanding  questions  of  speed,  cost, 
certainty,  and  privacy  must  await  decision  by  the  resistless  arbitra- 
ment of  facts  and  events.  There  is  no  question,  however,  that  long- 
distance electromagnetic  wave  telegraphy  has  come  to  stay,  and  will 
not  only  stay,  but  continue  to  advance. 

One  important  matter,  however,  was  completely  settled  in  1903, 
viz.  that  the  power-station  working  could  be  conducted  without  any 
interference  with  the  ship-to-shore  or  ship-to-ship  wireless  telegraphy. 
Statements  having  been  made  in  some  technical  journals  to  the  effect 
that  the  establishment  of  power  stations  for  the  production  of  electro- 
magnetic radiation  suitable  for  long-distance  telegraphy  would  render 
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it  impossible  to  conduct  the  highly  necessary  ship-to-shore  communi- 
cation, the  Author  had  the  opportunity  afforded  to  him  by  Mr.  Marconi, 
in  March,  1903,  of  putting  this  contention  to  crucial  test. 

There  is  at  PolcUiu  a  mast  and  aerial  removed  by  100  yards  or  so 
from  the  aerial  of  the  power  station.  Six  miles  away,  at  the  Lizard, 
there  is  a  Marconi  station  in  connection  with  Lloyd's,  for  communi- 
cation with  vessels  proceeding  up  and  down  the  Channel  which  are 
equipped  with  Marconi  apparatus.  It  was  arranged  that  at  a  certain 
time  wireless  messages  should  be  sent  off  simtdtaneously  from  the 
power  station  and  from  an  ordinary  ship  equipment  in  connection 
with  the  isolated  mast  at  Poldhu,  and  received  on  two  Marconi 
receivers  connected  to  the  aerial  at  the  Lizard.  These  experiments 
took  place  on  March  18,  1903,  under  the  direction  of  the  Author,  and 
different  written  messages  were  handed  in  to  the  sending  operators  at 
the  power  station^and  neighbouring  small  or  ship  station,  the  operators 
not  knowing  a  moment  before  the  message  that  would  be  given  to 
them.  Some  of  these  messages  were  in  cypher  and  some  of  a  com- 
mercial character.  For  example,  the  following  cypher  message  was 
despatched  in  Morse  code  from  the  power  station : — 

"Bulfish,  London.  Streamlet  Solstice  Turtle.  Worthily,  John  Brown, 
Captain.'* 

Simultaneously  the  following  was  despatched  from  the  small 
station  100  yards  away,  viz. : — 

"  A  thick  fog  prevails  here.  SS.  Mignonette  has  been  run  down  by  a  foreign 
ship.    Send  tugs  immediately." 

At  the  Lizard  station  all  these  messages  were  received  by  Mr. 
Marconi  and  printed  on  Morse  slip,  pair  and  pair  simultaneously  on 
two  independent  Marconi  receivers  attached  to  the  same  serial.  In 
no  case  was  any  mistake  made.  To  be  sure  that  the  power  station 
was  sending  out  waves  much  more  powerful  than  those  of  the  small 
station,  other  receivers  were  placed  at  Poole,  200  miles  away,  and  the 
messages  from  the  power  station  alone  were  recorded  there.  These 
were  telegraphed  back  for  verification  by  postal  telegraph  immediately 
on  arrival. 

The  Author  described  these  results  and  exhibited  the  messages  as 
sent  and  as  received  a  few  days  afterw^ards  at  a  Cantor  lecture  at  the 
Society  of  Arts.® 

The  tests  were  confirmed  some  months  later  by  Admiralty  officials. 
Mr.  Marconi  went  to  Gibraltar  on  board  the  British  battleship  Duncan, 
under  command  of  Captain  H.  £.  Jackson,  E.N.,  F.RS.,  and  during 
the  voyage  similar  experiments  were  undertaken.  During  the  stay 
of  the  Duncan  at  Gibraltar  wireless  messages  were  received  from 
Poldhu,  including  one  official  communication.  The  tests  were 
watched  on  board  H.M.S.  Duncan  by  Captain  Jackson,  and  at  the 
Poldhu  station  by  Lieutenant  F.  G.  Loring,  RN.  It  was  definitely 
ascertained  that  the  short-distance  Marconi  apparatus  supplied  to  the 
Admiralty  for  ordinary  naval  use  was  not  afifected  by  the  action  of 
the  electromagnetic  waves  sent  out  from  the  power  station  at  Poldhu. 

-    "  See  also  a  long  letter  from  the  Author  describing  these  tests,  published  in  the 
Times  for  April  14, 1903. 
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These  proofs  and  experiences  enabled  Mr.  Marconi  shortly  after- 
wards to  establish  a  regular  system  of  news  transmission  from  Poldhu 
to  Atlantic  liners  en  voyage. 
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Bxplotions  oocuntd  at  Port  Artfaar  on  Satur- 
Jaj,  frnin  vhich  it  i«  inferred  that  new  batterim 
are  being  pnpa^ed. 


Hevj  baa  bwn  received  in  Paris  that  the 
RuMian  Army  Corps  is  executing  a  forced 
mareh  southvsi^,  having  received  urgent  unler- 
to  re-occnpj  Liaa-Tang  Peninsula  and  relieve 
i*ort  Arthur. 


TIBET    EXPKDrriON. 
T>.e  Tibet  Expedition  has  captured  two  of  tht> 
enemy's  gvina.  and  thrre  fs  a  report  current  that 
a  Lhnsa  General  baa  been  killed. 


AMERICAN    NEWS. 
A  distUleiy  at  Peoria,  Illinois,  which  ia  con- 
sidered to  be  the  second  largest  in  the  world,  has 
been  destroyed  by  czidoaions  and  fire,  causing 
the  death  of  ten  persona. 


STOP-PRESS. 


WAR  NEWS. 
Russian  Disaster. 
T«I<irTaniA  to  hcnd  state  that  Admiral  To^ 
reports  ■  further  encounter,  during  which  a 
HuiwiRn  Ganboat  was  torpedoed  and  aunli  in  tl  • 
vicinity  of  Fort  Arthur  thus  still  furihiT  redu^- 
inic  iht'  KuMian  flttt  cvailabte  <n  Eastern  Wstei 


Tuesday  i  a.m. 
Comfflaaicatlon  wai  cttaMished  aad  the 
followiof  Bcws  received  Inm  Marcoal 
SUtioB.  Cape  Breloa,  (Caaada),  wbca  the 
"Canpaaia**  was  20M  allea  from  New 
York. 

ICEBERGS. 
.\ccnrding  to  reports  which  continue  to  cone 
tr>  lund.  mora  iccbcnri  than  usual  have  been 
DiKhird  In  the  Atlantic,  the  steamer  ''Island" 
from  Copenhagen  for  New  York,  in  particular, 
reiMirts  having  passed  ten. 

Tha  Coropagnie  Generate  Transatlantiquv 
*'  La  Ix)mino  "  reports  icebergs  in  latitude  forty 
forty -five  to  foriy-two  thirty  longitude  fcrty- 
eighi  twenty-ioven  to  fifty  fifty-four. 

DEATH    OF    PRINCESS    MART 
OF    HANOVER. 
Tefcgrams  to  hand  iKUcLte  that  the  death  d 
Prinoew  Mary  of  Hanovitr  on  Saturday  last,  has 
caused  universal  sorrow. 

THE    TIBET    EXPEDmON. 
Telegrams  reodved  Lonfinn  that  the  Britlsk 
have  Captured  two  tw«nty*foiir  povndan  and 
kiUed  a  Lhaaa  General 

FINANCIAI.    NJEW& 
Stocks  dull  generally  and  pricea 
changed. 


By  kind  permission  of  the  Marconi  Wireless  TtUgraph  Cbinj^ony,  Ltd, 

Fig.  20.— Facsimile  of  a  Page  of  the  Cun<ird  Daily  Bulletin^  published  on  board 
the  Canard  Liners,  containing  Marconigrams  sent  by  Wireless  Telegraphy. 

Small  newspapers  are  now  published  on  board  the  Atlantic  liners 
daily  which  contain  news  paragraphs  received  during  the  previous 
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night  from  the  power  station  on  the  mainland.  The  inauguration 
of  this  enterprise  took  place  on  the  Cunard  liner  Campania  in  June, 
1904,  when  Mr.  Marconi  kept  the  vessel  during  the  entire  voyage  in 
receipt  of  communications  either  from  Poldhu,  in  Cornwall,  England, 
or  the  station  at  Cape  Breton,  in  Nova  Scotia,  or  that  at  Cape  Cod, 
near  Boston,  U.S.A.  The  longest  distance  covered  by  a  message  on 
that  occasion  was  one  sent  from  Poldhu,  received  on  board  the  Cam- 
pania when  2250  miles  from  England.  It  was  a  message  of  thirty 
words  relating  to  the  submersion  test  of  an  American  submarine  boat. 
The  daily  paper  pubHshed  on  board  is  entitled  the  Cunard  Daily 
Bulletin.  A  representation  of  a  page  of  it  is  shown  in  Fig.  20  (see  p. 
462). 

By  the  middle  of  1906  the  Marconi  Wireless  Telegraph  Company 
had  equipped  more  than  fifty  liners  with  the  apparatus  for  wireless 
communication  with  each  other  and  with  coast  stations.  These 
included  the  principal  passenger  steamships  of  the  Cunard,  Nord- 
deutscher,  Lloyd,  Allan,  American,  Bed  Star,  and  Atlantic  Transport 
Companies.  Also  vessels  belonging  to  the  Campagnie  Transat- 
lantique,  Belgian  Mail  Packet,  and  Isle  of  Man  Steam  Packet 
Companies. 

It  has  become  an  indispensable  method  for  conducting  naval 
signalling,  and  the  use  made  of  it  in  the  Russo-Japanese  war  showed 
it  to  be  a  most  important  element  in  controlling  naval  tactics,  so 
much  so  that  the  principal  naval  powers  in  the  world  were  compelled 
to  make  it  the  subject  of  legislative  control  within  the  limits  of  their 
respective  territorial  authority. 

During  the  siege  of  Port  Arthur,  the  Times  newspaper,  with  great 
enterprise,  established  ship  and  shore  stations,  and  equipped  them 
with  apparatus  for  wireless  telegraphy  supplied  by  an  American  (The 
De  Forest)  Company.  This  proved  to  be  a  valuable  means  for 
securing  early  and  authentic  news  from  the  seat  of  war. 

It  was  the  first,  and  probably  will  be  the  last,  time  that  the  oppor- 
tunity occurred  for  such  an  employment  of  wireless  telegraphy.® 

8.  Recent  Work  by  Marconi. — The  nature  of  the  work  which 
has  occupied  Mr.  Marconi's  attention  during  the  last  two  years  is 
more  particularly  discussed  in  Chapter  IX.  of  this  treatise.  Sufl&ce  it 
to  say  here  that  it  has  been  concerned  with  the  important  practical 
problems  of  locating  the  direction  of  the  radiator  and  limiting  the 
radiation  sent  out  by  wireless  telegraph  antennsB  to  particular  directions. 

**  Full  details  of  the  enterprise  were  given  by  Captain  Lionel  James,  war 
correspondent  for  the  Times,  in  a  paper  read  to  the  Society  of  Arts,  January  18, 
1906. 


CHAPTEB  VIII 
THE  DEVELOPMENT  OF  ELECTRIC   WAVE  TELEGRAPHY 

1.  Contributions  to  Eleotrio  Wave  Telegraphy  by  Yarious 
Workers. — Although  the  practical  achievements  of  electric  wave 
wireless  telegraphy  are  in  a  very  remarkable  degree  the  work  of  one 
man,  viz.  GugHelmo  Marconi,  yet  valuable  contributions  have  been 
made  to  it  by  other  investigators. 

In  Germany,  Professor  A.  Slaby  of  Charlottenburg,  and  Professor 
F.  Braun  of  Strassburg,  turned  their  attention  very  early  to  the 
subject,  and  have  done  much  to  increase  our  scientific  knowledge  of 
the  processes  involved. 

In  the  same  country  many  other  scientific  workers  and  writers, 
such  as  Professor  P.  Drude,  Doctors  M.  Abraham,  M.  Wien,  A.  Ober- 
beck,  V.  Bjerknes,  E.  Aschinass,  J.  Zenneck,  G.  Seibt,  B.  Schjifer,  W. 
Schloemilch,  A.  Neugschwender,  and  J.  Donitz,  have  made  important 
additions  either  to  the  theory  or  apparatus  of  electric  wave  telegraphy. 
In  Great  Britain,  in  addition  to  Mr.  Marconi  and  his  associates, 
including  the  Author,  Sir  Oliver  Lodge,  Dr.  Muirhead,  Mr.  Duddell, 
and  others  have  continued  to  devise  appliances  for  conducting  it. 

The  officials  of  the  British  Postal  Telegraph  Service,  and  British 
naval  officers,  such  as  Captain  Jackson,  E.N.,  F.B.S.,  whose  eminent 
services  in  developing  the  subject  in  British  naval  interests  are  well 
known,  have  carried  on  their  own  investigations  on  it.  Since,  however, 
telegraphy  in  all  its  forms  is  a  Government  monopoly  in  Great  Britain, 
there  has  been  little  or  no  inducement  to  the  private  inventor  to  turn 
his  mind  to  the  subject. 

In  justice  to  English  workers,  it  should  be  noticed  that  one  of  the 
earliest  British  patent  applications  for  improvements  in  means  for 
telegraphing  or  telephoning  without  wires  was  made  by  Mr.  A.  C. 
Brown  and  Mr.  G.  E.  Neilson,  who  are  both  connected  with  the  great 
submarine  cable  industry.  These  inventors  filed  their  provisional 
specification.  No.  28,965,  on  December  17,  1896,  subsequently  to  the 
date  of  application  of  Marconi's  first  British  patent,  but  previously  to 
the  filing  of  his  corresponding  complete  specification.  In  this  specifi- 
cation Brown  and  Neilson  proposed  to  place  a  Hertzian  wave  oscillator 
in  a  box  and  project  a  beam  of  electric  radiation  into  a  receiver  circuit 
at  a  distance  which  is  to  be  "  open  or  closed  and  preferably  syntonized 
as  nearly  as  possible  to  the  genei-ating  circuit."  One  feature  of  interest 
in  this  specification  is  that  they  suggested  the  employment  of  a  coherer 
containing  "  preferably,  but  not  necessarily,  carbon  granules,"  used  in 
series  with  a  voltaic  cell  and  telephone  as  an  electric  wave  detector. 

2  H 
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They  state  that  such  a  carbon  coherer  is  self-restoring,  or,  at  most, 
needs  a  few  taps  by  hand  at  intervals  to  keep  it  in  order.  ^ 

It  is  singular  that  the  two  patentees  above  named  should  have  so 
nearly  anticipated  the  type  of  detector  afterwards  used  in  conjunction 
with  his  aerial  and  earth  connection  by  Marconi  to  read  the  first 
signals  transmitted  across  the  Atlantic.  This  patent  specification  of 
Brown  and  Neilson  in  many  ways  showed  remarkable  knowledge  of 
the  subject  of  Hertzian  waves  and  their  detection,  but  the  patentees 
did  not  realize  the  fundamental  importance  of  the  antennse  and  earth 
connections,  as  the  absolutely  essential  appliances  for  electric  wave 
wireless  telegraphy. 

This  keystone  of  the  arch  had,  however,  been  already  supplied  by 
Marconi,  and  described  by  him  in  his  first  British  patent  apphcation, 
filed  six  months  previously. 

In  the  United  States  the  most  prominent  names  connected  with 
the  subject  on  the  practical  side  have  been  those  of  Professor  B.  A. 
Fessenden,  Doctors  Lee  de  Forest  and  J.  J.  Stone.  The  United 
States  Patent  Office  is,  however,  kept  busy  in  examining  and  granting 
voluminous  patents  to  numerous  other  patentees  in  this  subject, 
probably  not  one  in  a  hundred  of  which  is  any  practical  value. 
Important  theoretical  or  scientific  work  has,  however,  been  done  by 
Professor  Trowbridge,  Professor  Pierce,  Mr.  J.  E.  Ives,  Mr.  Chant, 
and  many  other  physicists  in  the  United  States  in  exploring  the 
nature  of  the  electrical  operations  involved.  Although  Nikola  Tesla's 
work  in  connection  with  the  creation  of  electrical  oscillations  is  of 
fundamental  importance,  yet  his  promises  with  regard  to  wireless 
telegraphy  have  so  far  (1905)  not  been  brought  to  fruition. 

From  France,  Italy,  and  Bussia  have  come  notable  additions  to 
knowledge  associated  with  the  names  of  Professors  Poincar^  and 
Branly,  and  MM.  Blondel,  Tissot,  Ferris,  Ducretet,  and  Turpain,  also 
Professors  Bhigi  and  Popofif,  to  whom  we  owe  practical  appliances  or 
scientific  information  on  the  processes  involved  in  vnreless  telegraphy. 

In  all  these  countries  many  naval  officers  have  given  careful 
attention  to  this  mode  of  signalling.  The  Japanese  appear  to  have 
brought  their  practical  knowledge  of  the  subject  to  a  high  state  of 
perfection;  but  in  this,  as  in  other  matters  concerning  appliances 
capable  of  use  in  war,  they  are  very  secretive. 

Electricians  connected  with  the  various  cable  companies,  whilst 
professing  continued  faith  in  superiority  of  telegraphy  by  wire,  have 
not  been  indifferent  to  this  new  telegraphy ;  but  both  their  work  and 
that  of  officials  in  the  various  Government  telegraph  services. 
Admiralties,  and  navies  in  the  world,  is  necessarily  of  a  confidential 
character,  and  the  details  of  it  are  difficult  to  secure. 

We  shall,  however,  pass  briefly  in  review  the  practical  work  of 
some  of  the  most  notable  investigators  in  connection  with  this  subject. 

Such  a  survey  may  be  conducted  either  on  the  principle  of  group- 
ing together  the  facts  connected  with  the  different  elements  of  the 
invention,  or  by  collecting  them  together  in  association  with  the 
names  of  their  inventors,  discoverers,  or  investigators. 

^  In  view  of  the  claims  made  subsequently  by  many  other  persons  for  priority 
in  the  use  of  the  so-called  telephonic  method  of  reception,  this  specification  of 
Brown  and  Neilson  is  worthy  of  notice. 
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It  is  convenient  to  adopt  to  some  extent  both  these  methods,  and 
in  the  first  place  to  examine  the  contributions  of  the  chief  workers 
under  their  own  names,  and  then  in  another  chapter  to  analyze 
individually  the  various  elements  in  the  apparatus  for  electric  wave 
telegraphy. 

2.  The  Work  of  Lodge  and  Hoirhead.  1897  to  1905.— Lodge's 
work  on  electromagnetic  waves  developed  out  of  his  investigations 
on  electric  oscOlations  and  lightning  discharges  in  connection  with 
the  protection  of  buildings  from  hghtning.^ 

He  discovered  in  1889  that  two  metallic  surfaces  in  imperfect  but 
not  conducting  contact  were  welded  together  when  an  electric  dis- 
charge passed  between  them,'  and  later  on  studied  the  propagation  of 
electric  waves  along  wires.*  He  thus  came  into  close  contact  with  the 
researches  of  Hertz  on  the  creation  of  electromagnetic  waves  in  free 
space,  and  this  work  he  both  expounded  and  extended.  Eeference  has 
already  been  made  to  his  Royal  Institution  Lecture  in  1894  on  the 
**  Work  of  Hertz  and  some  of  his  Successors." 

His  interest  in  these  matters  was,  however,  scientific  rather  than 
technical,  and  he  himself  has  admitted  that  before  the  matter  had 
received  attention  from  others  it  had  not  occurred  to  him  to  suggest 
the  employment  of  Hertzian  waves  for  telegraphic  purposes.  In  the 
course  of  his  scientific  work  he  had  directed  much  attention  to  the 
phenomena  of  electric  resonance.  Hence,  when  once  it  had  been 
indicated  that  the  chief  practical  importance  of  Hertzian  waves  might 
lie  in  their  appHcation  to  space  telegraphy.  Lodge  was  not  slow  to 
apply  to  it  his  knowledge  of  this  subject. 

Before  the  date  of  Marconi's  first  patent  application,  Lodge  had 
been  occupied  with  the  problem  of  space  or  wireless  telegraphy  by 
means  of  electromagnetic  induction  between  two  circuits  at  a  distance, 
bringing  to  bear  on  it  his  acquaintance  with  the  facts  of  syntony  and 
resonance.  As  we  are  not  concerned  in  this  book  with  methods  of 
space  telegraphy  other  than  that  effected  by  true  electromagnetic 
waves,  we  shall  not  enter  into  details  of  Lodge's  work  on  magnetic 
inductive  telegraphy  in  the  field  so  long  cultivated  by  Sir  WiUiam 
Preece.* 

At  the  beginning  of  1897,  owing  to  the  announcements  which  had 
then  appeared  of  the  results  obtained  by  Marconi,  it  became  clear 
that  electric  wave  telegraphy  had  unquestionable  advantages  over  all 
previously  tried  methods,  and  scientific  as  well  as  public  attention 
became  concentrated  on  it. 

On  May  10,  1897,  Lodge  applied  for  a  provisional  patent  protec- 
tion in  Great  Britain  (No.  11,576  of  1897)  for  "  Improvements  in 

«  See  "  Lightning  and  Lightning  Guards  "  (Whittaker  &  Co) ;  also  "  On  Light- 
ning, Lightning  Conductors,  and  Lightning  Protectors,"  by  Sir  Oliver  Lodge, 
Joum.  InsL  Elec.  Eng.,  1889,  vol.  18,  p.  886. 

■  See  a  paper  on  *'  Lightning  Guards  for  Telegraphic  Purposes,"  by  Sir  Oliver 
Lodge,  Joum.  Inst,  Elec.  Eng.,  1890,  vol.  19,  p.  862;  also  "The  History  of  the 
Coherer  Principle,"  The  Electrician,  November  12, 1897,  vol.  40,  p.  88. 

*  See  Sir  Oliver  Lodge,  "  On  the  Theory  of  Lightning  Conductors,"  PhU. 
Mag.,  August,  1888,  ser.  v.  vol.  26,  p.  217,  or  The  Electrician,  August  10,  1888, 
vol.  21,  p.  486. 

*  See  a  paper  by  Sir  Oliver  Lodge,  "  Improvements  in  Magnetic  Space  Tele- 
graphy," Joum,  Inst.  Elec.  Eng.,  1898,  vol.  27,  p.  799. 
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Syntonized  Telegraphy  without  Line  Wires,"  and  in  this  document  he 
states  that  the  ohject  of  his  invention  was  to  enable  an  operator  to 
transmit  messages  across  space  to  any  one  or  more  of  a  nimiber  of 
different  individuals  in  various  localities,  each  of  whom  is  provided 
with  a  suitably  arranged  receiver.  The  subject-matter  of  the  specifi- 
cation deals  exclusively  with  the  utilization  of  electromagnetic  waves. 
His  radiator  was  described  as  consisting  of  a  pair  of  **  capacity 
areas/'  or  triangular-shaped  metal  plates,  A,  h'  (see  Fig.  1),  separated 
by  a  spark  gap,  but  having  an  inductance  coil,  generally  shown  as  a 
spiral  of  a  few  turns,  interposed.  In  some  cases  this  radiator  was  to 
be  used  horizontally,  and  in  other  cases  vertically.  In  this  last  case 
the  lower  metal  wing  or  area  might  be  connected  to  the  earth,  or 
partly  buried  in  the  earth,  and  the  upper  wing  extended  by  connection 
to  an  insulated  plate. 

Lodge  asserted  that  this  form  of  radiator  was  capable  of  persistent 
or  long-sustained  oscillations,  suitable,  therefore,  for  effecting  S3rntonic 
telegraphy.     He  was  well  aware,  and  states  (loc.  cU.  p.  2,  line  63),  that 

unless  the  radiator  provides  these 
sustained  trains  of  waves,  no  true 
syntonic  action  is  possible.  A  part 
of  the  specification  is  taken  up  with 
descriptions  of  methods  of  charging 
electrically  these  oscillators.  The 
receiving  arrangement  was  to  con- 
sist of  a  pair  of  capacity  areas  (one 
of  which  might  be  the  earth)  similar 
to  the  transmitter,  but  containing 
in  its  circuit  a  Branly  coherer,  con- 
sisting of  a  tube  of  metallic  filings 
with  a  "  clock,  or  a  tuning  fork,  or  a 
cog  wheel,  or  other  device  "  mounted 
on  the  stand  of  the  coherer  to  cause 
a  tremor  of  sufficient  intensity. 
This  vibrator  or  decoherer  was  evidently  to  be  maintained  continuously 
in  action.  In  some  cases  the  coherer  was  inserted  in  the  secondary 
circuit  of  "  a  species  of  transformer,"  the  primary  of  which  was  in  the 
circuit  of  the  collecting  wings,  but  no  detailed  instructions  are  given 
for  making  this  oscillation  transformer  or  projferly  relating  the  lengths 
of  its  circuit  and  its  turns  to  the  capacity  and  inductances  of  the 
collecting  circuit.  Without  this  adjustment  the  oscillation  transformer 
is  a  detriment  rather  than  an  advantage. 

Sir  Oliver  Lodge  and  Dr.  A.  Muirhead,  the  latter  well  known  for 
his  inventions  in  connection  with  submarine  cable  telegraphy,  then 
joined  themselves  as  co-patentees  of  other  inventions  in  wireless 
telegraphy,  and  took  out  a  British  patent,  No.  16,406  of  July  10, 1897. 
This  specification  contains  a  description  of  numerous  devices  for 
causing  the  coherer  or  light  metallic  contact  to  be  decohered  by  the 
current  which  passes  through  it  from  the  local  cell  when  the  electric 
waves  improve  the  contact.  In  one  of  these  arrangements  a  siphon 
recorder  is  used  as  the  telegraphic  recorder,  and  the  metallic  contact  is 
connected  by  a  thread,  ;^,  with  the  recorder  coil  d,  so  that  a  movement 
of  the  coil  jerks  open  the  contact  c  (see  Fig.  2).     In  another  case  the 


Fig.  1.— Lodge's  Wing-shaped  An- 
tennsB  for  Electric  Wave  Tele- 
graphy. 
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passage  of  the  local  current  through  the  contact  is  made  to  impart  a 
decohering  jerk  by  the  movement  either  of  one  of  the  cohering  sur- 
faces or  else  of  a  separate  piece  of  metal  attached  to  them,  in  a  strong 
magnetic  field.  Broadly  speaking,  this  specification  covers  devices  for 
decohering  a  single  point  contact  sensitive  to  electric  waves.  A  third 
British  specification  by  the  same  patentees,  No.  18,644  of  August  11, 
1897,  covers  a  variety  of  devices  intended  to  give  greater  certainty  of 
action.  The  inventors  still  adhere  to  the  single-pQint  coherer,  but 
join  tv70  or  more  such  contacts  in  parallel  if  necessary,  applying  to 
them  vibrations  created  by  clockworked  cams  or  cylinders  to  keep 
them  in  a  sensitive  condition.  In  fact,  Lodge's  method  of  using  the 
coherer  may  be  said  to  be,  to  keep  it  perpetually  in  a  state  of  tremor 
or  vibration,  whereas  the  method  adopted  by  Marconi  is  to  apply  a 
carefully  regulated  set  of  taps  to  decohere  after  the  coherence  has 


Fig.  2. — Lodge  and  Muirhead's  Combina- 
tion of  Syphon  Recorder  and  Point 
Coherer. 


Fia.  3. — Lodge  and  Muirhead's  Me- 
thod of  connecting  the  Coherer 
and  Telegraphic  Instrument  to 
the  Wing  Antennse. 


taken  place.  This  specification  of  Lodge  and  Muirhead  describes  also 
a  method  of  telegraphing  by  electric  waves  sent  along  a  bare  wire  laid 
on  the  earth's  surface. 

A  fourth  British  specification.  No.  29,069  of  December  8,  1897, 
by  Lodge  and  Muirhead,  is  for  '*  Improvements  in  Syntonic  Tele- 
graphy." The  inventors  introduce  a  large  condenser,  a,  in  series 
with  the  inductance  coil  d  and  capacity  areas  h,  c,  and  join  up  the 
single-  or  multiple-point  coherer  «  as  a  shunt  across  both  inductances 
and  condensers,  whilst  the  local  cell  /  and  telegraphic  instrument  (/, 
viz.:  a  Kelvin  siphon  recorder,  is  joined  as  a  shunt  across  the 
condenser  alone  (see  Fig.  3).  In  some  cases  they  use  the  earth  as 
one  of  the  capacity  areas.  The  same  specification  includes  a  descrip- 
tion of  an  elahorate  revolving  commutator  for  changing  the  positions 
of  the  coherer  and  recording  telegraphic  instrument,  so  that  each  is 
in  turn  in  the  most  favourable  position  in  the  oscillatory  circuit. 
The  Author  is  not  aware  that  any  of  these  receivers  or  transmitters, 
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inimii 


^7m' 


From  "  Pagt*»  Weekly  Magatine." 
(Elevation.) 


Ll"_"r::i"n"j 


(Plan,) 


-r  r 


From  ••  The  Electrician 


(Perspective  view.) 

Fig.  4. — Lodge-Muirhead-Robinson  Mercury-steel  Coherer,  a,  steel  diec  rotated 
by  clockwork ;  d,  mercury  cup ;  c,  mercury  covered  with  oil ;  e,  contact 
springs  ;  /,  wiper  for  cleaning  edge  of  disc. 
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with  these  wing-shaped  capacity  areas,  have  ever  been  employed  in 
practical  syntonic  electric  wave  telegraphy. 

Passing  over  an  interval  of  time,  we  find  that  Lodge,  Muirhead, 
and  Bobinson  devised  the  self-restoring  coherer,  consisting  of  a 
rotating  steel  disc  in  contact  with  an  oil-covered  mercury  surface, 
which  has  already  been  described  (Chap.  VI.  §  6).*  This  coherer 
they  employed  to  actuate  directly  a  siphon  recorder  without  the 
intervention  of  any  relay,  using  a  fraction  of  a  volt  (generally  from 
O'l  to  0'3  volt)  obtained  from  a  shunted  voltaic  cell  as  a  working 
electromotive  force.  The  device  is  arranged  in  a  compact  form,  the 
steel  disc  lightly  touching  the  oil-covered  mercury  surface,  being 
revolved  continuously  by  clockwork  (see  Fig.  4). 

Lodge  and  Muirhead  associated  this  self-restoring  coherer  with 
a  receiving  circuit  and  receiving  aerial  adjusted  to  have  a  definite 
time  period  of  oscillation.  For  the  transmitting  arrangement  they 
subsequently  adopted  a  closed  oscillation   circuit  consisting  of    a 


Transmitter. 


Receiver. 


Fig.  6.- 


-Diagram  of  Connections  of  Lodge-Muirhead  Wireless  Telegraph 
Transmitter  and  Receiver  Apparatus. 


condenser,  /,  adjustable  inductance,  m,  and  spark  ball  discharger,  g, 
in  series,  the  condenser  being  charged  by  an  induction  coil,  c,  and 
discharging  across  the  spark  gap  with  oscillations.  To  this  closed 
circuit  an  aerial  wire,  /,  is  directly  coupled,  and  some  other  point 
on  the  closed  oscillation  circuit  is  connected  to  the  earth,  generally 
through  a  condenser,  »,  of  large  capacity.  The  arrangements  of  the 
transmitter  are  as  shown  in  the  left-hand  diagram  in  Fig.  5,  taken 
from  their  British  specification.  No.  11,348  of  June  3,  1901. 

The  length  of  the  aerial  or  the  inductance  in  the  closed  circuit 
has  to  be  so  adjusted  that  the  aerial  is  in  resonance  with  the  closed 
circuit.  This  takes  place  when  the  aerial  has  such  a  length  that  its 
free  time  period  of  oscillation  is  that  of  the  closed  circuit,  or  is  equal 
to  an  harmonic  of  the  latter.' 

•  See  British  Patent  Specification,  No.  13,621  of  June  14, 1902,  of  Lodge,  Muir- 
head, and  Bobinson. 

^  For  a  fuUer  discussion  of  the  conditions  of  this  resonance  and  the  theory  of 
such  coupled  circuits,  see  Chap.  IX.  §  9  and  §  10,  of  this  treatise. 
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The  receiving  circuit  similarly  consisted  of  an  aerial,  /,  attached 
to  some  point  on  a  closed  oscillation  circuit  consisting  of  a  condenser, 
Oy  and  variable  inductance,  m,  some  other  point  on  this  last  circuit 
being  connected  to  the  earth  through  a  condenser,  n.  The  coherer  h 
is  connected  in  series  with  the  condenser  and  inductance  in  the  closed 
circuit,  as  shown  in  the  right-hand  diagram  in  Fig.  5,  taken  from  the 
same  British  specification  of  Lodge  and  Muirhead,  No.  13,521 
of  1901. 

The  telegraphic  recording  instrument  is  a  siphon  recorder,  and 
the  local  battery  is  a  shunted  cell  which  supplies  an  electromotive 
force  of  a  fraction  of  a  volt  for  working  through  the  coherer.     When 


From  '•  The  Electrician," 

Fig.  6.— Lodge-Muirhead  Combined  Syphon  Recorder,  Coherer,  Potentiometer, 
and  Working  Cell  for  their  Wireless  Telegraph  Receiver. 

the  electromagnetic  waves  impinge  on  the  aerial  they  set  up  oscilla- 
tions which  excite  syntonic  oscillations  in  the  closed  circuit 
associated  with  it,  and  these  oscillations  finally  break  down  the 
insulation  of  the  film  of  oil  lying  between  the  steel  wheel  and  the 
mercury  aided  by  the  voltage  of  the  local  shunted  cell.  The  siphon 
recorder  in  series  with  that  cell  then  deflects  and  records  a  signal. 
If  the  train  of  arriving  waves  is  short,  then  the  record  on  the 
tape  of  the  syphon  recorder  is  a  brief  mark  or  triangular  notch, 
corresponding  to  a  dot  on  the  Morse  system.  If  the  train  of  waves  is 
more  prolonged,  then  the  mark  on  the  tape  is  a  square-shouldered 
notch,  corresponding  to  a  daah  on  the  Morse  code.  In  this  manner 
the  movement  of  the  siphon  recorder  coil  and  associated  pen  imitates 
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that  of  the  key  in  the  sending  circuit.  The  siphon  recorder,  coherer, 
working  cell,  and  shunt,  or  potentiometer,  are  combined  in  one  piece 
of  apparatus,  as  shown  in  Fig.  6.  Instead  of  using  a  hand-manipu- 
lated Morse  key  at  the  sending  end  to  create  short  or  long  trains  of 
oscillatory  sparks,  and  therefore  waves,  Dr.  Muirhead  employs  an 
automatic  sender,  actuated  by  a  perforated  tape,  as  in  the  case  of 
transmission  by  cable.  The  tape  is  perforated  with  the  message  in 
the  usual  manner  by  a  hand-worked  perforator,  which  punches  the 
paper  tape,  as  for  the  Wheatstone  automatic  transmitter,  with  the 
Morse  symbols  for  each  letter.  The  tape  is  then  sent  through  a 
transmitter,  which  closes  the  circuit  of  a  vibrating  break  or  buzzer 
in  the  primary  circuit  of  the  induction  coil  for  a  time,  corresponding 
to  the  dash  or  dot  on  the  Morse  system.  A  view  of  the  collected 
apparatus  is  shown  in  Figs.  7  and  8. 

The  rotating  steel  disc  cymoscope  is  said  to  work  with  great  ease, 
regularity,  and  speed,  and  the  advantages  of  dispensing  with  any 
form  of  sensitive  relay  are  considerable.  At  the  same  time  there  is 
the  advantage  of  a  printed  record  of  the  message. 

3.  Work  of  Slaby  and  Yon  Aroo  on  Wireless  Telegrapher- 
1897  to  1905. — Dr.  Adolf  Slaby,  one  of  the  engineering  professors  m 
the  Technical  High  School  at  Gharlottenburg,  Berlin,  had  his  attention 
drawn  to  the  utilization  of  Hertzian  waves  for  telegraphic  purposes 
prior  to  the  date  when  Marconi's  work  became  known,  but,  according 
to  his  own  statements,  he  obtained  no  practical  results  until  the  clue 
to  success  was  given  to  him  by  witnessing,  early  in  1897,  Marconi's 
demonstrations,  across  the  Bristol  Channel.*  From  that  time  he  has 
been  a  diligent  worker  in  this  field  of  research. 

At  the  very  outset  he  carefully  studied  the  distribution  of  electric 
potential  and  current  in  the  aerial  wire  as  used  originally  by  Marconi, 
and  saw  that  statignary  electric  waves  were  set  up  in  it,  so  that  when 
vibrating  electrically  in  the  fundamental  mode  there  was  a  node  of 
potential  at  the  base  of  the  Marconi  aerial  and  an  antinode  at  the 
summit.  This  he  saw  applied  not  only  to  the  transmitting  aerial 
but  to  the  receiving  aerial.  It  then  became  clear,  from  the  study 
he  made  of  the  Branly  metallic  filings  tube,  that  this  instrument 
depended  for  its  operation  on  the  application  of  a  sudden  and 
sufficient  oscillatory  electromotive  force  or  potential  difference 
between  the  ends  of  Jhe  tube.  Hence  the  insertion  of  the  tube 
between  the  base  of  the  aerial  and  the  earth,  as  in  the  original  Marconi 
arrangement,  was  using  it  under  the  least  advantageous  conditions. 

Properly  speaking,  the  tube  should  be  inserted  between  the  upper 
end  of  the  aerial  and  the  earth,  so  as  to  receive  the  maximum  potential 
diffierence  between  its  ends.  This,  however,  is  impossible  without 
carrying  up  a  second  wire  from  the  earth,  which  would  then  at  once 
have  a  distribution  of  potential  set  up  in  it,  similar  to  that  in  the 
aerial  itself,  and  hence  no  difference  of  potential  would  exist  between 
the  ends  of  a  coherer  situated  between  the  summits  of  the  two  equally 
tall  aerials.  Slaby,  however,  overcame  the  difficulty  in  a  very  in- 
genious manner.  If  we  set  up  a  vertical  wire,  AB  (see  Fig.  9),  with 
its  base  connected  to  the  earth  in  a  region  traversed  by  electric  waves, 

•  See  an  article  on  *'  The  New  Telegraphy,"  by  Dr.  A.  Slaby,  The  Century 
Magazine,  April,  1898,  vol.  55,  p.  870. 
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we  shall  have  stationary  oscillations  set  up  in  it,  when  its  length  is 
adjusted  to  resonance  with  the  time  period  of  the  impinging  waves. 
If  then  we  attach  to  a  point  two  or  three  metres  above  the  ground 


a  horizontal  wire,  CD,  of  nearly  equal  length  to  the  upper  segment  of 
the  aerial  (see  Fig.  9),  we  shall  have  stationary  oscillations  of  potential 
set  up  in  both  vertical  and  horizontal  branches,  as  indicated  by  the 
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ordinates  of  the  dotted  lines  in  Fig.  9.  Hence  there  is  a  loop  of 
potential  at  the  outer  end  of  the  lateral  wire  as  well  as  at  the  top  of 
the  vertical  wire.  We  have  easy  access  to  the  former  point,  and 
hence  we  can  insert  a  coherer,  F,  between  the  outer  end  of  the  lateral 


wire  and  the  earth  Ej,  placing  in  series  with  it  a  condenser,  K,  and 
shunting  the  condenser  by  a  telegraphic  relay,  K,  and  local  cell,  G. 
The  arrangement  is  shown  in  the  diagram  in  Fig.  10,  taken  from  the 
German  patent,  No.  130,723,  of  Slaby  and  Arco,  appUed  for  October 
16,  1900.     The  claim  made   for  the  arrangement  is  that  it  enables 
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any  vertical,  earthed,  but  otherwise  insulated,  rod,  such  as  a  lightning 
conductor,  to  be  employed  as  the  aerial. 

B 


^ 


Fig.  9.— Slaby-Arco  Antenna,  AB,  and  Attached  Syntonic  Side  Wire,  CD.  The 
distances  of  the  dotted  lines  in  the  diagrams  from  the  firm  lines  representing 
the  antennee  denote  the  amplitude  of  the  potential  oscillations  at  the  cor- 
responding points. 

In   a  supplementary   German  patent,  No.   131,585,  applied  for 
February  6,  1901,  the  horizontal  wire  is  made  to  extend  for  a  distance 


B 


M 


D       F" 
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Fig,  10. — Slaby-Arco  receiving  antenna,  AB;  syntonic  side  wire,  CD;  coherer, 
F ;  condenser,  K ;  relay,  R ;  local  cell,  G ;  earth  plates,  E,  E,. 

double  the  height  of  the  vertical  aerial,  and  the  outer  end  of   the 
horizontal  wire  is  earthed  at  E;,,  and  the  coherer  inserted  between  an 
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earth,  E,,  and  a  half-way  point,  B,  on  the  horizontal  wire  (see  Fig.  11). 
In  these  diagrams  the  dotted  lines  represent  by  their  distance  from 
the  aerial  wires  (firm  lines)  the  amplitude  of  the  potential  oscillation 


E, 


74^<}^^^S^^^^^^S^^^ 


Fig.  11.— Another  Slaby-Arco  Arrangement  of  Receiving  Apparatus  with  syntonic 
side  wire  of  double  length.    Cc " 
cell,  B ;  earth  plates,  E„  E„  E,. 


side  wire  of  double  length.    Coherer,  F;  condenser,  C;  relay,  R;  working 


^pparati 
,  C;  rel 


at  each  point  in  the  wire,  and  show,  therefore,  the  position  of  the 
nodes  and  loops  of  potential. 

The  corresponding  transmitter  is  described  in  the  German  patent. 
No.  131,686,  applied  for  November  9,  1900,  and  consists  of  a  vertical 

B 
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Fig.  12.— Slaby-Arco  transmitting  antenna,  CB ;  side  wire,  CD ;  spark  balls,  S ; 
induction  coil,  I ;  earth  plate,  £ ;  battery,  B ;  key,  K. 

aerial,  AB„  and  a  pair  of  spark  balls,  S,  interposed  between  a  hori- 
zontal extension  wire,  CD,  and  the  vertical  antenna.  The  secondary- 
terminals  of  tlie  induction  coil  I  are  connected  to  tlie  spark  balls 
(see  Fig.  12). 
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The  operation  of  the  receiving  aerial  is  as  follows : — 
Keferring  to  the  diagram  in  Fig.  10,  E  represents  the  earth  plate 
and  AB  the  vertical  aerial.  The  lateral  wire  CD  is  equal  in  length 
to  the  section  CB  of  the  vertical  aerial,  and  F  is  the  coherer  tube 
placed  at  D,  and  a  condenser,  K,  earthed  at  one  side,  is  in  series 
with  it.  The  condenser  is  shunted  by  a  single  local  cell,  G,  and  a 
relay  or  recorder,  E.  When  oscillations  take  place  in  the  aerial,  the 
point  D  in  the  lateral  wire  is  an  antinode  of  potential.  Hence  the 
coherer  gets  the  benefit  of  the  maximum  potential  oscillations,  and  as 
soon  as  it  becomes  conductive  the  cell  G  sends  a  current  through  the 
relay  K  and  coherer  F,  and  down  through  the  aerial  earth  plate  E, 
and  up  again  through  the  condenser  earth  plate  E^,  so  completing  the 
circuit. 

It  is  not  necessary  that  the  lateral  wire  CD  should  be  laid  out 

B 


iGR 


FiQ.  13. — Alternative  Slaby-Arco  Receiving  Arrangement,  with  side 
wire,  CD,  coiled  into  an  open  spiral. 

straight.  It  may  be  coiled  in  an  open  spiral  (see  Fig.  13),  and  some- 
what shortened  to  compensate  for  increased  inductance.  In  this  form 
the  open  spiral  CD  becomes  a  means  of  exalting  the  potential  oscilla- 
tions at  the  point  D,  so  that  the  amplitude  is  greater  at  D  than  at  C. 
Professor  Slaby,  therefore,  called  a  coil  so  adjusted  a  muUiplier, 

Associated  with  this  receiving  arrangement,  we  have  the  transmit- 
ting system,  as  shown  in  Fig.  12,  where  AB  is  the  transmitting  aerial, 
and  S  the  spark  balls,  and  CD  the  horizontal  wire,  which  in  the  same 
manner  need  not  be  stretched  out  straight,  but  may  be  loosely  coiled 
into  a  spiral.  The  spark  balls  are  connected  to  the  secondary  terminals 
of  an  induction  coil,  and  oscillations  are  set  up  in  the  horizontal  and 
vertical  wires  with  an  antinode  of  potential  at  the  open  ends. 

The  above  arrangements,  therefore,  are  well  adapted  for  utilizing 
as  aerials  any  two  vertical  wires  or  rods  earthed  at  the  lower  end  but 
insulated  elsewhere,  such  as  two  lightning  rods.  Moreover,  Slaby 
saw  that  it  would  be  possible  to  adapt  these  arrangements  to  syntonic 
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telegraphy.  Let  two  transmitter  aerials,  AB  and  A'B',  be  set  up,  one 
having  an  upper  section  1-6  times  the  length  of  the  otiier,  each  being 
provided  with  appropriate  coiled  side  wires  and  interposed  spark  balls 
(see  IHg.  14).  Then  let  one  receiving  aerial,  ab,  be  established  at  a 
distance  having  a  height  equal  to  AB.  To  this  let  two  lateral  wires 
be  adapted,  one  of  them,  M,  of  such  a  length  that  hd  =  ab  =  AB,  and 
the  other,  bf,  of  such  a  length  that  ah  +  hf  =  2 A'B'.  If  then  the 
fundamental  oscillation  of  the  aerial  AB  is  excited,  its  radiation  will 
set  up  oscillations  in  the  section  ah  +  hd  oi  the  receiving  aerial.  If, 
however,  the  fundamental  oscillations  of  the  aerial  A'B'  are  excited, 
their  radiation  will  cause  the  section  ab  +  bf  to  be  excited.  Ac- 
cordingly, if  coherers  are  put  at  the  outer  ends  d  and  /,  and  earthed 
through  condenses,  which  are  also  shunted  by  local  cells  and  relays, 
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Transmitter  No.  1. 


Transmitter  No.  2. 


Double  receiving  antenna. 

Fig.  14.— Slaby-Arco  Arrangements  for  Duplex  Syntonic  Telegraphy.  The 
dotted  lines  in  the  diagrams  denote  the  amplitude  of  the  potential  oscillations 
in  the  antennae  at  the  corresponding  points. 

we  shall  have  a  system  of  two  transmitter  rods  and  one  receiving, 
which  enables  duplex  simultaneous  or  syntonic  telegraphy  to  be 
conducted.® 

Professor  Slaby  made  an  exhibition  of  this  method  in  a  lecture 
given  in  Berhn  on  December  22,  1900,  in  the  conference-room  of  the 
General  Electric  Company  of  Berlin,  in  the  presence  of  H.M.  the 
Emperor  of  Germany.  The  lecture  was  entitled,  "Syntonic  and 
Multiple  Spark  Telegraphy."  ^^  In  this  demonstration  simultaneous 
telegraphy  was  conducted  between  a  transmitting  station  at  the 
Technical  High  School  at  Charlottenburg,  in  Berlin,  and  the  works  of 

•  See  German  Patent,  No.  131,684,  granted  to  the  General  Electrical  Company 
of  Berlin,  application  of  November  9, 1900. 

»•  "  Abgestimmte  und  Mehrfache  Funkentelegraphie,"  by  A.  Slaby,  see  Elek- 
trotechnische  ZeitschH/t,  1901,  or  The  Electrician,  January  18, 1901,  vol.  46,  p.  476. 
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the  General  Electric  Company,  2*6  miles,  or  4  kilometres,  distance, 
and  also  between  the  latter  place  and  a  cable  manufactory  at  Ober- 
schoneweide,  9*3  miles,  or  14  kilometres,  distance.  The  two  wave 
lengths  used  were  respectively  640  metres  and  240  metres.  Good 
independent  simultaneous  telegraphy  was  conducted. 

Other  variations  of  the  horizontal  wire  arrangement  of  aerial 
devised  by  the  same  patentees  are  as  follows :  In  the  German  patent, 
No.  127,730,  of  November  10,  1900,  a  lateral  coiled  wire  is  attached 
to  a  vertical  aerial  at  a  point  a  little  way  above  the  ground.  This 
lateral  coil  has  such  a  length  that  there  is  a  node  of  potential  at  the 
centre  and  an  antinode  of  potential  at  its  outer  end.  Hence,  if  a 
coherer  in  series  with  a  condenser  is  joined  between  the  base  of  the 
aerial  and  the  outer  end  of  the  lateral  wire,  it  will  be  acted  upon  by 
the  maximum  difference  of  potential.  The  condenser  is  shunted  as 
usual  by  a  relay  and  local  cell. 

In  a  pendant  patent.  No.  130,122,  of  December  13,  1900,  the  con- 
denser shunted  by  the  relay  and  cell  is  transferred  to  the  centre  of  the 
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Transmitter  No,  1. 


Double  receiving  station. 


Transmitter  No.  2. 


Fio.  15. — Practical  Arrangement  of  Slaby-Arco  Apparatus  for  Duplex  Syntonic 
Electric  Wave  Telegraphy,  1900. 

lateral  wire,  where  there  is  a  node  of  potential,  as  in  that  case  it  pro- 
duces a  less  disturbance  of  the  potential  distribution. 

It  will  be  seen  on  examining  the  arrangements  of  the  above- 
described  syntonic  system  of  Slaby  and  Arco,  that  if  we  substitute  one 
single  earth  plate  for  the  two  earth  plates  used  in  Fig.  13,  the  oscil- 
lating circuits  at  the  sending  and  receiving  end  each  resolve  them- 
selves into  a  closed  oscillating  circuit  containing  a  capacity,  inductance, 
and  either  spark  gap  or  coherer  arranged  in  series,  this  oscillating 
circuit  having  one  point  connected  to  earth  and  the  other  to  an 
aerial  wire  or  open  oscillating  circuit  which  is  in  resonance  with  the 
closed  circuit.  Hence  we  arrive  at  the  arrangement  which  is  now 
genei-ally  called  the  direct-coupled  aerial  system.  The  practical 
arrangement  of  the  Slaby-Arco  system  of  multiple  or  syntonic  tele- 
graphy was,  therefore,  modified  in  1900  into  the  form  shown  in  Fig.  16.  • 

Each  transmitter  consists  of  a  condenser  suitable  for  working 
with  high  potentials,  and  this  is  connected  in  series  with  a  variable 
inductance  and  the  two  joined  to  the  spark  balls  of  the  secondary 
circuit  of  an  induction  coil.  One  end  of  this  inductance  coil  is  joined 
to  an  earth  plate  and  the  other  end  to  an  aerial  wire. 
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From  *'  Traction  and  Trantmission,' 
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Fia.  1^. — Sectional  and  Perspective  View  of  Mercury  Turbine  Interrupter  and  Electric  Motor 
used  in  the  Slaby-Arco  Transmitting  Apparatus,  as  made  by  the  General  Electric 
Company  of  Berlin. 
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From  *'  Traction  and  TransmUiion." 


Fio.  20.— View  of  Complete  Slaby-Arco  Apparatus  for  Electric  Wave  Telegraphy,  show- 
ing the  Induction  Coil  fastened  to  the  Wall  and  the  Turbine  Mercury  Inter- 
rupter under  the  Table. 
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The  receiving  circuit  is  very  similar.  In  it  we  have  an  aerial  wire 
connected  to  earth  through  an  inductance  coil,  and  to  the  terminals  of 
this  last-named  coil  are  connected  one,  two,  or  three  oscillatory  circuits, 
each  of  which  consists  of  a  variable  inductance  coil  for  syntonizing  s  or 
s'f  a  coherer, /or/',  and  a  condenser.  A  relay  and  local  cell  is  con- 
nected across  the  terminals  of  each  condenser. 

The  condenser  in  the  transmitter  circuit  consists  of  a  battery  of  five 
or  six  Leyden  jars  contained  in  an  insulating  vessel  (see  Fig.  16). 
The  total  capacity  may  be  about  0001  mfd.  On  the  top  of  this  is 
placed  the  adjustable  spark  gap,  and  round  the  vessel  containing  the 
Leyden  jars  is  coiled  the  variable  inductance  coD,  consisting  of  bare 
copper  wire  wound  in  a  groove  in  an  ebonite  cylinder  (see  Mgs.  17 
and  18).  The  upper  or  adjustable  spark  ball  is  the  earthed  ball,  and 
the  spark  gap  condensers  and  inductance  are  joined  in  series.  The 
aerial  is  connected  to  the  end  of  the  inductance  furthest  from  the 
earthed  spark  ball.  This  oscillation  circuit  is  excited  by  an  induction 
coil  giving  a  26  cm.  spark,  and  the  primary  current  is  interrupted  by 
a  mercury  turbine  break  suspended  in  gimbals  (see  Fig.  19).  On 
board  ship  the  induction  coil  is  fixed  up  against  a  bulkhead  and  the 
break  suspended  underneath  the  operating  table.  The  appearance  of 
the  complete  set  is  shown  in  Fig.  20  (see  p.  483). 


FiQ.  21.— Metallic  Filings  Cymoscope  used  in  Slaby-Arco  Beoeiver. 

The  coherer  tube  used  resembles  that  of  Marconi.  It  consists  of 
a  glass  tube  (see  Fig.  21)  exhausted  of  its  air  and  containing  two  well- 
fitting  bevelled  silver  plugs  with  ends  in  close  apposition.  Between 
them  is  a  small  quantity  of  nickel  filings.  The  coherer  is  held  in  a 
clip  so  that  it  can  be  turned  round  to  make  the  filings  lie  in  a  wider  or 
narrower  portion  of  the  gap,  and  so  vary  the  sensibihty.  The  coherer 
is  tapped  by  an  automatic  electromagnetic  hammer. 

The  primary  circuit  of  the  induction  coil  contains  a  Morse  key  for 
signalling,  with  magnetic  blow-out  to  stop  sparkling,  and  the  receiving 
circuit  contains  a  relay  and  Morse  inker. 

In  order  to  adjust  the  transmitter  and  receiver  to  syntonism.  Count 
Arco  devised  a  portable  syntonizing  coil,  which  allows  any  number  of 
stations  to  be  brought  to  the  same  "  tune  "  or  period.  The  arrange- 
ment is  shown  diagrammatically  and  objectively  in  Fig.  22. 

It  consists  of  a  variable  inductance  coil  and  condenser,  the  con- 
denser having  a  pair  of  adjustable  spark  balls  connected  to  its 
terminals.  When  one  transmitting  station  has  been  brought  to  re- 
sonance with  any  receiving  station,  the  syntonizing  coil  is  applied,  as 
shown  in  the  lower  diagram  (Fig.  22),  to  the  base  of  the  transmitting 
aerial  a,  and  the  inductance  A  of  the  syntonizer  adjusted  until  the 
longest  spark  is  obtained  at  the  spark  points  h.  The  syntonizer  is  then 
removed  to  some  other  transmitter  station,  and  the  variable  inductance 
of  the  transmitter  is  altered  until  the  syntonizer  gives  a  spark  equally 
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long  when  attached  as  shown  in  the  diagram.     This  appUance  is, 


i;*'j%r. 


From  '*  TnuUion  and  Trarumimon" 


Fig.  22. — Arco  Syntonizer  for  adjusting  Time  Periods  of  Antennae,    a,  antenna ; 
A,  inductance  coil ;  S,  condenser ;  h,  spark  points ;  k^  sliding  contact. 

however,  only  a  rather  rough  form  of  cymometer,  and  better  results 
can  be  obtained  by  measuring  the  wave  lengths  of  the  wave  emitted 


I 
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by  the  transmitter  and  adjusting  the  inductance  coil  of  the  latter  until 
the  required  wave  length  is  obtained  (see  Chap.  IX.  §  4). 

If  the  arrangement  of  Lodge  and  Muirhead,  as  described  in 
their  British  specification,  No.  11,348  of  1901  (see  p.  471),  is  com- 
pared with  that  of  Slaby  and  Arco  just  described  as  developed  by 
the  General  Electric  Company  of  Berlin,  it  will  be  seen  that  there  is 
no  essential  difference  between  them.  In  each  case  we  have  a  closed 
oscillatory  circuit  connected  at  one  point  to  the  earth  and  at  another 
to  an  aerial.  We  may,  in  fact,  say  that  no  one  has  yet  devised  any 
form  of  transmitter  and  receiver  for  electric  wave  telegraphy  which 
does  not  fall  under  one  of  three  fundamental  types  (see  Fig.  22). 
First,  the  transmitter  is  either  a  simple  insulated  aerial  wire  w4th 
spark  ball  at  the  lower  end,  and  a  corresponding  spark  ball  connected 
to  an  earth  plate.  This  is  the  original  arrangement  of  Marconi,  and 
is  now  called  the  plain  aerial.  In  the  next  place,  the  oscillations  may 
be  set  up  in  a  closed  oscillatory  circuit  which  is  connected  at  one 
point  to  the  earth  and  has  an  aerial  wire  in  syntony  with  it  connected 
to  some  other  point.  This  is  called  the  dired-coupled  aerial^  and  is  the 
typical  form  of  the  arrangements  of  Lodge,  Muirhead,  and  Slaby- Arco 
systems.  In  the  third  place,  the  aerial  may  be  connected  inductively 
or  through  an  oscillation  transformer  with  the  aerial.  This  is  the 
method  employed  by  Marconi,  and,  as  we  shall  see  in  the  next 
section,  also  by  Braun. 

In  addition  to  the  arrangements  above  described,  Slaby  and  Arco 
devised  also  forms  of  closed  loop  receiver  and  transmitter  aerial,  to 
which  reference  has  already  been  made  (see  Chap.  IV.,  §  8). 

If  a  closed  oscillatory  circuit  is  formed  consisting  of  a  condenser, 
loop  of  wire,  and  spark  gap,  we  may  set  up  oscillations  in  it  by 
connecting  the  spark  balls  to  an  induction  coil.  We  have  in  this 
case,  however,  no  radiation  if  the  length  of  the  loop,  compared  with 
its  fundamental  wave  length,  is  such  that  the  current  is  at  all  points 
in  the  same  direction  at  the  same  instant. 

Slaby  and  Arco  found  that  if  the  loop  is  constructed  vdth  unequal 
inductance  on  its  two  sides,  and  connected  to  the  earth  at  one  point, 
then  harmonic  oscillations  can  be  set  up  in  it  such  that  there  is  a 
node  of  potential  at  the  earthed  end  and  an  antinode  or  loop  at  the 
upper  end.  In  this  case  the  loop  acts  as  if  it  were  two  simple 
Marconi  aerials  connected  together  at  the  top.  The  arrangements 
adopted  in  practice  for  the  transmitter  loop,  as  shown  in  the  German 
patent  specification  of  Slaby  and  Arco,  No.  133,718,  applied  for 
November  4,  1899,  are  as  follows  : — 

A  condenser  has  one  terminal  connected  to  earth  and  the  other 
to  the  lower  spark  ball  of  a  discharger.  The  upper  spark  ball  is 
connected  to  an  aerial  composed  of  a  group  of  parallel  wires,  and  the 
upper  end  of  this  aerial  is  connected  to  earth  through  an  inductance 
coil  or  wire  with  considerable  inductance. 

One  way  in  which  we  may  view  the  operation  of  this  loop  antenna 
is  to  consider  that  the  inductance  connected  between  the  upper  end 
of  the  aerial  and  the  earth,  whilst  not  offering  impedance  enough  to 
prevent  the  relatively  slow  charging  of  the  aerial  and  condenser,  acts 
like  a  perfect  insulation  towards  the  high  frequency  oscillations  set 
up  at  each  discharge. 
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Another  of  these  looped  aerials  is  described  by  Slaby  and  Arco  in 
their  German  patent,  No.  124,164,  dated  December  23, 1898.  In  one 
form  the  transmitting  loop  consists  of  a  vertical  rectangular  loop  of 
wire  having  a  condenser  in  one  side  and  a  pair  of  spark  balls  below 
it,  the  loop  being  earthed  at  the  bottom.  If  the  fundamental  oscilla- 
tion is  set  up  in  the  loop  it  does  not  radiate,  for  the  reasons  explained 
in  Chapter  IV.,  §  8,  of  this  treatise.  If,  however,  a  harmonic  oscillation 
is  set  up  so  that  the  upper  end  of  the  loop  is  an  antinode  of  potential 
and  the  lower  end  a  node,  radiation  is  emitted  from  it.  Corresponding 
to  this  looped  transmitter  the  patentees  described  in  the  same  specifi- 
cation a  looped  receiving  "aerial  in  which  the  coherer  and  working  cell 
and  relay  are  placed  in  one  side  of  the  loop,  and,  if  need  be,  a  con- 
denser arranged  in  parallel  vrith  the  other  side.  The  lower  end  of  the 
loop  is  earthed.  The  patentees  say  that  it  has  been  shown  by  experi- 
ment that  such  a  transmitting  loop  produces  different  effects  in 
different  directions,  and  for  the  best  effect  it  is  necessary  to  erect 
the  transmitting  and  receiving  loops  so  that  their  planes  are  parallel 
and  at  right  angles  to  the  Une  joining  their  centres. 

The  General  Electric  Company  of  Berlin  also  described  at  a  later 
date,  in  a  German  patent.  No.  129,892,  dated  October  16,  1900,  a 
looped  receiving  aerial.  If  two  simple  straight  aerials  are  set  up  side 
by  side,  and  acted  upon  by  incident  electromagnetic  waves  of  suitable 
period,  they  would  exhibit  no  difference  of  potential  between  points 
at  equal  height  from  the  ground,  and  a  coherer  joined  in  between 
these  points  would  not  be  affected.  If  one  of  the  aerials  is  lengthened 
at  the  bottom  by  a  loop  equal  in  length  to  its  own  height,  and  if  the 
two  aerials  are  connected  together  at  the  top  and  earthed  at  one 
point  (see  Fig.  23),  the  coherer,  joined  across  as  shown,  will  be  affected 
strongly.  We  may  cause  a  telegraphic  printing  instrument  to  record 
as  usual  by  inserting  a  condenser  shunted  by  a  relay  and  local  cell 
in  series  with  the  coherer,  and  operating  the  printer  by  the  relay. 
The  inventors  say  that  the  earthing  in  this  case  is  not  necessary; 
also  that  by  the  use  of  the  loop  circuit  disturbances  due  to  atmo- 
spheric electricity  are  avoided.  They  also  gave  a  diagram  in  which 
two  aerials  not  connected  at  the  top  act  as  plates  of  a  condenser  to 
each  other.  In  one  aerial  wire  an  inductance  coil  is  inserted  (see 
Fig.  24),  and  a  coherer  shunted  by  a  working  cell,  and  a  relay  is 
connected  across  between  the  two  aerials  at  the  bottom. 

Slaby  and  Arco,  or  their  patent  assignees,  the  General  Electric 
Company  of  Berlin,  have  appUed  for  several  German  patents 
describing  variations  or  combinations  of  the  above  forms  of  aerials. 

In  some  cases  they  make  use  of  the  exalted  potential,  generated 
at  the  extremity  of  a  resonant  coil,  to  charge  another  aerial  of  the 
straight  or  looped  form. 

Thus  the  arrangement  of  transmitter  described  in  the  German 
patent.  No.  126,273,  of  February  28,  1901,  is  interesting.  Oscillations 
are  set  up  in  a  closed  circuit  containing  a  condenser,  C,  and  inductance, 
L,  and  to  one  point  on  this  circuit  the  end  of  a  resonant  or  multiplier 
coil,  M,  is  attached,  and  the  exalted  potential  at  the  other  end  of 
this  last  coil  is  caused  to  charge  a  loop  transmitting  aerial,  A  (see 
Fig.  25). 

Another  form  of  this  circuit  was  described  by  them  previously  in 
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a  German  patent,  class  21a,  registered  number  7775,  applied  for 
December  10,  1900. 

A  number  of  minor  improvements  by  Slaby  and  Arco,  some  of 
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Fig.  28. — Loop  Receiving  Antenna  of 
the  General  Electric  Company,  Ber- 
lin. F,  coherer;  0,  condenser;  R, 
relay ;  G,  cell. 
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Fig.  24. — Parallel  Antennse,  one  having 
inductance,  L,  in  series  with  it. 
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Fig.  25.--Loop  Transmitting  Antenna  charged  by  means  of  a  Tension 
Multiplying  Coil,  M,  from  a  Closed  Condenser  Circuit,  C,  L,  S. 

which,  however,  were  in  use  by  Marconi  previously,  are  described  in 
other  German  patents,  as  follows  :  —    ' 

No.  118,286,  of  April  26, 1899.— This  is  an  arrangement  of  the  receiving  appar- 
atus for  wireless  telegraphy  for  the  purpose  of  avoicQng  disturbances  by  the  s^rk 
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at  the  tapper,  such  that  by  an  interruption  of  the  local  circuit  through  the  coherer 
and  that  of  the  tapper  magnet  just  iMsfore  the  hammer  strikes  the  tube  the  spark 
at  the  armature  contacts  of  the  tapper  magnet  is  oyer  before  the  blow  occurs,  and 
thus  at  that  instant  no  current  is  passing  through  the  tube.  Marconi,  however, 
effects  the  required  result  quite  satisfactorily  by  means  of  the  choking  coils  he 
inserts  in  the  connections  leading  from  the  coherer  to  the  relay  and  local  cell. 

No.  116,071,  of  February  9, 1900. — In  a  receiying  arrangement  Consisting  of  a 
coherer  actuating  a  relay  and  Morse  printer,  the  coherer  is  afl&xed  to  the  armature 
of  the  Morse  printer  instead  of  being  tapped  by  a  separate  tapper.  This  arrange- 
ment, howeyer,  does  not  afford  the  reqmred  range  of  adjustment  of  the  decohering 
blow. 

No.  116,118,  of  March  24, 1900.— This  is  a  patent  for  making  the  gap  between 
the  plugs  in  a  coherer  of  the  Marconi  type  wedge  shape  by  beyelling  the  plugs  so 
that  by  turning  the  tube  round  the  sensibility  of  the  tube  can  be  altered  within 
limits.    This  device  has  been  patented  many  times  by  various  inventors. 

No.  129,017,  of  April  19, 1901.— This  is  a  patent  for  a  Morse  signalling  key  for 
use  in  the  primary  circuit  of  an  induction  coil,  provided  with  a  permanent  magnet 
to  effect  a  magnetic  blow-out  of  the  spark. 

i.  Ciontributions  of  Professor  F.  Braon  to  Electromagnetic 
Wave  Telegraphy.— Professor  Ferdinand  Braun,  of  the  University 


n 


L      S 


Fio.  26.— Diagrams  taken  from  German  Patent  Specification,  No.  111,678  of  1898, 
of  Dr.  F.  Braun.    G,  Leyden  jar ;  S,  spark  balls ;  A,  antenna. 

of  Strasburg,  has  devoted  considerable  attention  to  the  sabject  of 
wireless  telegraphy  by  electromagnetic  waves.  His  first  German 
patent  on  the  subject  was  applied  for  on  October  14,  1898,  No. 
111,578.^^  He  begins  the  specification  by  arbitrarily  dividing  electric 
oscillations  into  tliree  groups — 

(i.)  Those  created  by  mechanical  means. 

(ii.)  Those  produced  by  the  discharge  of  Leyden  jars. 

(iii.)  Those  generated  by  Hertzian  oscillations. 
He  states  that  the  last  variety  alone  have  hitherto  been  utilized  for 
wireless  telegraphy.  This  division  is,  however,  not  founded  upon  any 
true  scientific  distinction  between  these  various  kinds  of  oscillations. 
The  only  method  by  which  it  has  up  to  the  present  time  been  found 
possible  to  create  electromagnetic  waves  is  by  the  oscillatory  discharge 
of  a  condenser  of  some  kind.  The  frequency  of  the  oscillations,  and 
therefore  the  length  of  wave  sent  out  from  a  connected  antenna,  is 

"  The  equivalent  British  patent  specification  is  No.  1862,  of  January  26, 1899. 
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therefore  merely  a  question  of  the  capacity  of  the  condenser  and 
antenna  used,  and  the  inductance  through  which  it  is  discharged,  and 
a  Hertz  oscillator  and  Leyden  jar  are  both  special  forms  of  condensers. 
Braun  proposed  in  this  specification,  as  a  method  of  wave  production, 
to  include  in  the  circuit  of  a  Leyden  jar,  C,  a  spark  gap,  S,  and  an 
inductance  coil,  L,  and,  furthermore,  to  attach  to  one  surface  of  the 
condenser  an  aerial  wire,  A,  as  a  radiator  (see  I,  Mg.  26).  This 
arrangement  is  now  called  a  direct-coupled  aerial.  Braun  also  proposes 
in  the  same  specification  to  couple  together  the  oscillatory  circuit  of 
the  jar  C  and  that  of  the  aerial  A  inductively  by  means  of  an  air 
core  transformer  (^,  s)  (see  II.,  Fig.  26).  This  is  now  called  the 
inductive  coupling.  The  two  diagrams  in  Fig.  26  are  taken  from 
Braun's  specification.  Braun,  however,  says  nothing  in  the  above- 
named  specification  as  to  the  necessity  for  any  relation  between  the 
natural  time  period  of  oscillation  of  his  closed  and  open  circuits. 

There  is  nothing  in  this  first  specification  of  Braun  to  show  that 
he  was  aware  of  the  reaction  which  the  two  circuits,  open  and  closed, 
he  couples  together  excite  on  each  other,  although  it  had  been  already 
mathematically  discussed  by  A.  Oberbeck  (see  Chap.  III.  §  11). 

These  circuits  are,  in  fact,  like  two  pendulums.  Each  has  its  own 
independent  natural  time  period  of  oscillation  when  vibrating  alone, 
and  they  may  be  coupled  together  in  various  ways.  The  mere 
haphazard  coupling  of  two  circuits,  one  a  closed  and  the  other  an 
open  or  radiative  circuit,  does  not  necessarily  result  in  the  production 
of  an  oscillator  which  is,  telegraphically  speaking,  more  effective  than 
the  simple  linear  oscillator  of  Marconi. 

Braun's  suggested  direct  coupling  of  an  aerial  wire  with  a  nearly 
closed  oscillation  circuit,  consisting  of  a  Leyden  jar  and  associated 
inductance  and  spark  balls,  compared  with  the  simple  insulated 
conductor  or  aerial  of  Marconi,  separated  from  the  earth  'by  a  spark 
gap,  does  not  produce  a  radiator  having  any  special  advantages, 
unless  there  is  a  syntonism  between  the  two  coupled  circuits.  Neither 
is  the  inductive  coupling  of  any  special  advantage  unless  the  oscillation 
transformer  is  constructed  in  a  particular  manner.  There  is  some 
indication  in  the  opening  remarks  of  Braun's  specification,  that  he 
considered  the  real  novelty  in  his  invention  to  be  the  employment  of 
the  oscillations  or  discharges  of  a  Leyden  jar  to  create  electric  waves 
for  telegraphic  purposes,  in  place  of  the  oscillations  established  directly 
of  a  simple  hnear  or  open  circuit  radiator  containing  a  spark  gap. 
This  conception,  however,  is  seen  to  have  no  foundation  as  soon  as 
we  make  a  metrical  study  of  the  phenomena,  and  of  the  conditions 
which  must  be  fulfilled  for  any  useful  result  to  take  place.  There 
are,  in  fact,  only  two  modes  of  coupUng  an  open  and  closed  oscillatory 
circuit  which  have  any  technical  value.  First,  we  may  couple  together 
the  circuits  in  such  a  manner  that  a  single  pure  oscillation  or  one 
single  period  of  vibration  is  forced  upon  the  aerial  or  radiator,  not  its 
own  natural  period,  but  that  of  the  actuating  closed  circuit.  Secondly, 
we  may  couple  together  circuits  which  have  the  same  free  natural 
time  period  when  separate,  and  thus  establish  a  syntonism  between 
the  circuits  which,  under  the  condition  of  a  somewhat  "loose 
coupling,"  results  in  the  radiation  of  waves  of  two  different  wave 
lengths. 
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The  first  mode  or  operation  was  described  by  J.  S.  Stone  (see  §  18  of 
this  chapter),  and  the  second  was  discovered  and  worked  out  practically 
by  Marconi.  It  has  sometimes  been  suggested  that  Marconi  availed 
himself  of  Braun's  prior  invention,  but  in  truth  his  (Marconi's)  in- 
vestigations were  carried  on  quite  independently,  and  conducted  to  a 
more  practical  issue  than  those  of  Braun — at  least  up  to  the  date  when 
the  latter  secured  his  first  German  and  equivalent  British  patent, 
No.  1862,  of  January  26,  1899. 

Marconi  provided  at  a  little  later  date,  in  his  British  specification, 
No.  7777  of  1900,  the  definite  information  necessary  for  utilizing  the 
inductive  coupling,  not  simply  as  an  isolated  suggestion,  but  as  part 
and  parcel  of  a  complete  and  practically  operative  system  of  syntonic 
electric  wave  telegraphy. 

The  mere  fact  that  electrical  oscillations  produced  by  the  discharge 
of  a  Leyden  jar  could  be  transformed  in  potential  by  an  air  core 
transformer,  was  already  well  known,  and  had  been  employed  as  far 
back  as  1850  by  Joseph  Henry,  and  later  by  Tesla,  Elihu  Thomson, 
and  others  in  1890  and  1891.  The  mathematical  theory  of  such 
oscillation  transformers  containing  inductance  and  capacity  in  each 
circuit,  commonly  called  Tesla  coils,  had  been  worked  out  some  time 
previously  to  the  date  of  Braun's  patent  application  by  A.  Oberbeck, 
M.  Wien,  and  others." 

It  was  not  even  novel  in  1898  to  create  electric  oscillations  in  an 
open  electric  oscillatory  circmt  containing  capacity  and  inductance  of 
the  type  of  a  Hertz  radiator.  In  a  lecture  given  in  1891,  before  the 
American  Institute  of  Electrical  Engineers,  reported  in  a  book 
entitled  the  "  Inventions,  Researches,  and  Writings  of  Nikola  Tesla," 
published  in  New  York  in  1894,  many  diagrams  and  descriptions  are 
given  of  oscillation  transformers  consisting  of  closed  and  open  oscil- 
latory circuits  inductively  coupled.  On  page  328  of  the  above-named 
book,  in  Fig.  175,  is  shown  a  diagram  indicating  an  oscillation  trans- 
former of  the  Tesla  type,  the  primary  circuit  consisting  of  a  coil, 
through  which  the  oscillatory  discharge  of  a  Leyden  jar  is  sent,  the 
secondary  circuit  consisting  of  a  coil  wound  over  the  primary  circuit, 
not  closed,  but  furnished  with  extension  vdres,  each  ending  in  large 
plates,  the  whole  secondary  circuit  thus  forming  an  open  oscillatory 
circuit  of  the  Hertz  type;  many  other  diagrams  are  given  in  the 
same  book  which  show  tiiat  at  that  date  (1894)  Tesla  was  accustomed 
to  employ  an  air  core  oscillation  transformer  to  couple  together 
inductively  an  open  or  radiative  circuit  and  a  closed  oscillatory  circuit 
through  which  the  discharge  of  a  Leyden  jar  was  sent. 

Lodge  had  also  long  previously  shown  that  if  a  Leyden  jar  was 
provided  with  two  discharge  circuits,  one  called  the  A  circuit  and  the 
other  called  the  B  circuit,  then  when  an  oscillatory  discharge  was 
set  up  in  the  A  circuit  it  caused  a  sympathetic  discharge  in  the  B 
circuit,  provided  that  there  was  a  syntony  between  the  time  periods 
of  the  two  circuits,  so  that  one  was  equal  to  or  a  harmonic  of  the 
other.  Lodge,  however,  did  not  propose  to  set  in  inductive  con- 
nection two  oscillatory  circuits,  one  an  open  circuit  or  wire  having 

«  See  A.  Oberbeck,  Wied,  Ann.,  1895,  vol.  65,  p.  628;  also  Geitler,  Wied.Ann., 
1895,  vol.  55,  p.  513 ;  and  Max  Wien,  Wied,  Ann.,  1897,  vol.  61,  p.  161 ;  also  Ann, 
der  Phijsik  (4),  1902,  vol.  8,  p.  686. 
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capacity  with  reference  to  the  earth,  and  the  other  a  closed  circiiit 
having  an  equal  or  harmonically  related  time  period. 

It  will  be  seen,  however,  that  from  the  researches  of  Lodge,  81aby, 


4S 


Arco,  and  Braun  has  been  developed  the  practical  form  of  direct- 
coupled  closed  and  open  oscillatory  circuits,  which  is  a  widely  used 
type  of  transmitter  in  connection  with  wireless  telegraphy.     On  the 
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other  hand,  indactive  coupling  of  an  open  and  dosed  circuit,  as 
described  by  Tesla  and  Braun,  was  brought  by  Marconi  into  a 
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Fio.  80.— Arrangement  of  a  Transmitter  Circuit.    (Brann.) 

condition  to  be  of  real  practical  use  in  wireless  telegraphy  when  he 
(Marconi)  invented  the  proper  form   of  oscillation  transformer  for 


TransmUter  stcUion, 


Receiving  station. 

Fio.  81. — Braun  Apparatus  for  Electric  Wave  Telegraphy.  I,  induction  coil; 
S,  spark  gap;  u,  G„  condensers;  T,  T,,  oscillation  transformers;  A,  A„ 
antenns ;  F,  sensitive  tube,  or  coherer;  K,  K,,  balancing  capacities. 

coupling  inductively  his  aerial  radiator  or  vertical  wire  to  a  closed 
oscillation  circuit  of  syntonic  period. 
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We  shall  return  in  the  next  chapter  to  the  further  consideration 
of  the  theory  of  this  direct  and  inductively  coupled  aerial  arrangement 
for  creating  electromagnetic  waves. 

The  method  of  inductive  coupling  ofifers  certain  advantages  not 
possessed  by  the  direct  coupled.  We  can  inductively  couple  together 
the  circuits  "loosely"  or  "closely,"  and  in  general  the  inductive 
coupling  gives  us  a  facility  for  storing  up  larger  amounts  of  electric 
energy  to  be  released  and  imparted  to  the  open  circuit,  and  thence 
radiated  as  electric  waves. 

In  a  later  German  specification,  No.  109,378,  of  January  26,  1899, 

Braun  proposed  to  place  Leyden  jars,  C„  Cj,  C,,  each  with  its  own 

spark  balls,  S^,  S,,  S,,  these  being  joined  in  series  for  the  sake  of 

accumulating  voltage"  (see  Fig.  27).     If  we  have  n  Leyden  jars, 

each  of  capacity  C,  which  will  bear  charging  without  damage  to  a 

potential  V,  we  can  arrange  these  jars  either  in  parallel  or  series. 

In  the  first  case  we  can  charge  the  n  jars  each  to  a  potential  V,  and 

n 
accumulate  a  store  of  energy  equal  to  qCV*  in  the  n  jars.     In  the 

next  place  we  may  charge  the  whole  of  the  n  jars  in  series  to  a 

1    O 
potential  7iV,  and  accumulate  a  store  of  energy  also  equal  to  „  •  -  (nV)' 

11 
or  to  qCV*.    The  energy  storage  is  the  same  in  both  cases,  but  the 

time  period  of  oscillation  is  very  different.  Also  there  is  a  practical 
objection  to  the  use  of  a  long  spark.  We  soon  reach  the  limit  at 
which  the  spark  becomes  non-oscillatory,  and  the  damping  by  spark 
resistance  very  large.  Braun,  therefore,  proposed  to  arrange  the  n  jars 
as  in  Fig.  27,  each  with  its  own  discliarge  circuit,  so  that  whilst  a 
total  potential  difference  wV  could  be  used  in  charging,  and  a  total 

energy  qCV^  be  stored  up,  equal  to  n  times  that  in  one  jar,  the  time 

period  of  oscillation  would  not  be  changed,  but  each  condenser  would 
discharge  through  its  own  short  spark  gap.  He  proposed  to  employ 
the  oscillations  so  created  to  generate  inductively  others  in  a  secondary 
circuit,  as  shown  in  Fig.  30. 

Another  of  Professor  Braun's  arrangements  is  shown  in  Fig.  28. 
In  this  a  number  of  condensers,  C,  each  having  an  associated  induct- 
ance, L,  are  arranged  in  series  with  spark  gaps,  S,  between.  These 
condensers  are  all  charged  in  parallel  from  two  circuits,  —  W,  and 
-f  Wa,  maintained  in  connection  with  the  secondary  terminals  of  an 
induction  coil.  When  the  potential  between  the  spark  balls  rises  to 
the  breakdown  point  fixed  by  the  length  of  the  spark  gap,  the 
condensers  discharge  into  one  another  with  oscillations.  The  time 
period  of  one  condenser  and  inductance  alone  would  be  equal  to 
27r\^CL.     The  time  period  of  the  n  condensers  and  inductances  in 

series  is  just  the  same,  being  equal  to  27r^  /  -  .  nh.     In  the  last 

case,  however,  the  energy  storage  is  n  times  that  in  a  single  con- 
denser charged  to  the  same  potential.     Braun  associates  this  closed 

»»  See  F.  Braun,  British  specification,  No.  6104,  of  March  8,  1899. 
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compound  oscillatory  circuit  with  an  open  radiative  one,  either  directly 
coupled  or  inductively  coupled. 

In  another  arrangement  (see  Fig.  29)  a  number  of  condensers  are 
charged  in  series,  as  in  Fig.  28,  and  each  discharges  through  its  own 
inductive  circuit  and  spark  gap,  the  circuit  being  the  primary  coil  f 
of  an  air  core  transformer.  The  secondary  circuits  s  of  all  these 
transformers  are  joined  in  series  with  each  other,  and  the  series 
interposed  between  an  aerial,  A,  and  the  earth,  E.  The  object  of  this 
arrangement  is  to  secure  a  high  potential  or  electromotive  force  in  the 
radiative  circuit,  and  yet  to  keep  the  wave  length  moderately  small, 
and,  above  all,  the  damping  due  to  spark  resistance  small.  An  alter- 
native arrangement  is  shown  in  Fig.  30.  The  inventor  is  thus  able 
to  secure  energetic  trains  of  slightly  damped  waves.  The  separate 
condenser  circuits,  each  consisting  of  condenser,  spark  gap,  and 
inductance,  may  be  charged  in  parallel  from  a  constant  supply, 
and  the  secondary  oscillations  induced  by  these  discharges  added 
together,  as  regards  electromotive  force,  by  joining  the  secondary 
circuits  in  series  with  an  aerial. 

5.  The  Braun-Siemens  Praotioal  System— In  bringing  his 
devices  and  improvements  in  wireless  telegraphy  into  practical  form, 
Professor  F.  Braun  associated  himself  with  the  firm  of  Siemens  and 
Halske,  of  Berlin,  just  as  Professor  Slaby  and  Count  Von  Arco  placed 
their  inventions  in  the  hands  of  the  Allgemeine  Elektricitats  Gesell- 
schaft  (The  General  Electric  Company),  of  Berlin. 

Braun's  methods  finally  took  the  foUowing  form.  At  the  trans- 
mitting end  an  induction  coil,  I  (see  Fig.  31),  had  its  secondary  terminals 
connected  to  two  spark  balls,  S,  and  these,  again,  were  connected  by  two 
condensers,  C,  C„  in  series  with  the  primary  circuit  'p  of  an  oscillation 
transformer,  T.  The  secondary  circuit  s  of  this  oscillation  transformer 
was  inserted  in  between  the  aerial  A  and  a  large  cylinder,  K,  acting  as 
a  balancing  capacity,  which  took  the  place  of  the  earth. 

In  practical  apparatus  Braun  employed  as  the  primary  condenser 
a  collection  of  glass  tubes  partly  coated  on  both  sides  with  silver  or 
tinfoil,  so  as  to  form  tubular  Leyden  jars  of  small  capacity,  and  more 
or  less  of  these  were  associated  in  parallel  as  required  (see  Fig.  32) 
(see  p.  496).  The  large  capacity  K  to  which  the  base  of  the  aerial  is 
connected  consists  of  a  metal  cylinder  (see  Fig.  33).  The  sending 
oscillation  transformer  consisted  of  a  primary  circuit  of  very  low  resist- 
ance of  very  few  turns,  having  a  secondary  circuit  wound  over  it,  the 
two  being  placed  in  an  oil  bath  (see  Fig.  34).  The  primary  circuit  of 
the  charging  induction  coil  contained  a  Wehnelt  interrupter  (see  Figs. 
35  and  36)  and  a  Morse  key  with  magnetic  blow-out.  At  the  re- 
ceiving end  an  oscillation  transformer  had  one  circuit  inserted  in 
between  the  aerial  wire  and  the  large  capacity  representing  the  earth. 
The  other  circuit  was  connected  through  a  condenser  with  a  coherer. 
This  consisted  in  one  form  of  a  tube  with  polished  steel  adjusted  plug 
electrodes  containing  between  them  steel  powder.  The  sensibility  was 
varied  by  a  small  ring  magnet.  Some  form  of  tapping  arrangement 
was  employed  to  decohere  the  steel  filings.  The  sensitive  tube  was 
shunted  as  usual  with  a  relay  and  local  cell,  and'  the  relay  connected 
with  a  Morse  printing  instrument  and  local  battery.  The  receiving 
arrangement  thus  contains  all  the  essential  elements  of  Marconi's 
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Fig.  32.— Leyden  Jars  or  Condenser  Tubes  for 
Braun  Transmitter. 


Fig.  85.— Wehnelt  Break. 
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Fig.  36. — Adjustable  Anode 
of  Wehnelt  Break. 


Appliances  used  in  the 
Transmitter  Circuit  of 
Braun  -  Siemens  Electric 
Wave  Telegraphic  Appa- 
ratus. 


Fig.  34. — Oscillation  Transformer  in  Transmitter  Circuit. 
From,  "  Tht  Kleetrical  Review,** 
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Fig.  87.— Arrangement  of  Braun-SiemenB  Wireless  Telegraph  Station. 


Fio.  83. — Balancing  Capacities  used  instead  of  Earth  Connections  in  Braun- 
Siemens  Transmitter  and  Receiver. 


From  -The  Electrical  Review." 


2    K 
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Pia.  88. — Arrangement  of  Apparatus  in 
the  Telefunken  Transmitter.  A,  an- 
tenna; N,  L,  adjustable  inductances ; 
C,  C„  condensers. 


Fig.  39.— Arrangement  of  Apparatus  in 
Circuit  of  Telefunken  Receiver.  A, 
antenna;  L,  adjustable  inductance; 
T,  coherer;  R,  relay;  C,  0„  con- 
densers. 


Fig.  40,— Alternative  Arrangement  of  Apparatus  in  Telefunken  Receiver.    P,  S, 
oscillation  transformer;  Oj,  C,,  C„  C«,  0.,  condensers. 
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system  of  wireless  telegraphy,  but  modified  by  the  use  of  an  insulated 
capacity  in  place  of  the  earth  connections.  In  some  cases  a  steel 
carbon  microphone  used  in  series  with  a  single  cell  and  telephone  has 
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Fig.  41. — Telephonic  Method  of  Reception  as  used  m  Telefunken  System.  A, 
antenna;  L,  adjustable  inductance;  D,  electrolytic  cymoscope;  T,  tele- 
phone ;  G,  battery ;  R,  sliding  resistance. 

be§n  employed  as  a  detector  in  connection  with  the  Braun-Siemens 
stations.  The  whole  arrangement  of  the  station  is  shown  in  Fig.  37 
(see  p.  497). 


Fig.  42.— Non-sparking  Key  used  with  Alternating  Currents  in  Telefunken 
Transmitter.    £,  electromagnet ;  M,  intermediate  contact. 

Braun  tried  his  methods  in  the  summers  of  1899  and  1900  between 
Cuxhaven  and  Heligoland,  a  distance  of  63  kilometres  (40  miles), 
using  aerial  wires  30  metres  high,  and  maintained  his  transmitting 
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arrangement  to  be  superior  to  that  employed  by  Marconi.  The  com- 
parison, however,  which  the  German  writers  and  inventors  at  that 
date  invariably  insisted  upon  making  was  to  take  as  typical  of 
Marconi's  methods  the  original  single  wire-aerial  transmitter  of  Mar- 
coni, direct  connected  to  one  spark  ball  of  the  induction  coil,  the  other 
ball  being  earthed."  Marconi  had  advanced  far  beyond  this  stage  at 
the  end  of  1899  and  beginning  of  1900,  and  was  already  employing 
the  inductively  coupled  aerial  with  full  knowledge  of  the  conditions 
under  which  the  best  results  could  be  obtained." 

6.  The  Telefanken  System. — In  the  summer  of  1903  the  methods 
and  inventions  of  Slaby,  Von  Arco,  and  the  Allgemeine  Elektricitiits 
Gesellschaft  in  Berlin,  and  those  of  Braun  and  Siemens  and  Halske, 
were  amalgamated  into  a  single  company  for  conducting  wireless 
telegraphy,  and  entitled  the  "  Gesellschaft  fiir  Drahtlose  Telegraphic," 
operating  a  system  called  the  Telefnnken  system. 

In  the  methods  now  adopted  in  this  system  there  has  been  a 
return  to  the  direct-coupled  arrangement  of  the  transmitter  circuits 
and  to  telephonic  methods  of  reception,  as  being  in  general  more  rapid 
than  those  employing  a  coherer  and  Morse  printer.  Also  in  most 
cases  an  earth  connection  is  employed  at  the  transmitting  end.  In 
some  cases  the  simple  earthed  aerial  with  lateral  extension  is  used  as 
transmitter.  In  place,  however,  of  a  single  pair  of  spark  balls  and  a 
single  spark  gap  a  number  of  spark  balls  in  series  are  employed, 
yielding  a  number  of  discharge  sparks  in  series.  In  this  manner  large 
potentials  can  be  employed  and  yet  the  dissipation  of  energy  resulting 
from  long  sparks  avoided,  since  the  resistance  of  the  spark  increases 
very  rapidly  with  its  length.  By  this  simple  addition  the  Slaby-Arco 
transmitter  is  said  to  be  capable  of  working  over  sea  distances  of  260 
kilometres,  with  aerials  only  32  metres  high,  and  an  energy  expendi- 
ture of  90  volts  in  the  induction  coil." 

Also  a  direct-coupled  aerial  with  closed  condenser  circuit  is  em- 
ployed in  this  system.  Variable  inductance  coils  are  inserted  both  'in 
the  condenser  and  aerial  circuits  for  the  .sake  of  bringing  the  two 
circuits  to  resonance  (see  Fig.  38).  The  closed  circuit  is  earthed 
through  a  large  condenser.  The  receiving  circuits  used  are  of  two 
types,  one  with  a  direct-coupled  aerial  (see  Fig,  39),  and  another  with 
an  oscillation  transformer  inserted  between  the  aerial  and  the  closed 
circuit  containing  the  wave  detector  (see  Fig.  40).  The  cymoscope 
actually  employed  is  either  a  metallic  filings  tube,  having  the  bevelled 
plugs  and  filings  enclosed  in  vacuum,  or  else  an  electrolytic  detector, 
such  as  that  of  Schloemilch.  If  the  metallic  filings  tube  is  employed, 
then  the  usual  Marconi  arrangements  of  tapper,  relay,  and  Morse 
printer  are  associated  with  it.  If  the  electrolytic  detector  is  used,  then 
the  telephonic  method  of  reception  is  employed  (see  Fig.  41). 

At  the  transmitting  end  an  induction  coil  is  used  to  charge  the 

"  See  remarks  by  Prof.  F.  Braun  in  The  Electrician^  March  15, 1901,  vol.  46, 
p.  778. 

**  We  are  not  concerned  here  with  questions  of  priority,  but  reference  may  be 
made  to  The  Electrician,  April  15, 1904,  vol.  52,  p.  1088,  for  a  statement  by  Prof. 
F.  Braun  on  his  own  work  and  his  claims  for  it. 

'*  See  Otto  Jentsch,  "  Telegraphic  und  Telephonic  ohne  Draht,"  p.  127.  Ber- 
lin, 1904. 
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oscillating  circuit.  This  is  actuated  by  means  of  an  alternating 
current,  so  that  no  interrupter  is  required.  On  board  ship  a  rotating 
commutator  is  added  so  as  to  convert  the  ordinary  continuous  current 
used  for  the  ship  electric  lighting  into  an  alternating  current  having  a 
frequency  of  about  60.  In  the  primary  circuit  of  the  induction  coil  is 
inserted  a  Morse  key,  constructed  as  follows :  The  depression  of  the 
key  brings  together  the  platinum  contacts,  one  on  an  elastic  metal  slip, 
M,  carrying  an  iron  armature  and  the  other  on  the  pole  of  an  alternat- 
ing electromagnet,  E,  through  the  coils  of  which  the  primary  current 
of  the  induction  coil  flows.  Hence,  when  the  key  is  depressed  this 
last  circuit  is  closed  and  the  attraction  of  the  excited  electromagnet  on 
the  armatiu^  keeps  the  circuit  closed,  even  although  the  key  is  raised 
(see  Fig.  42).  When,  however,  the  alternating  current  passes  through 
its  zero  value  the  armature  flies  up  and  the  primary  current  is  broken 
without  spark. 

The  oscillation  transformer  in  the  receiving  circuit  is  "loosely 
coupled."  Three  tj'pes  are  employed,  the  secondary  circuits  being 
wound  suitably  for  wave  lengths  of  50  to  200  metres,  200  to  600 
metres,  and  600  to  3000  metres,  so  that  by  change  of  connections  the 
effective  length  of  secondary  circuit  can  be  varied. 

When  the  electrolytic  detector  is  employed,  the  receiving  circuit 
arrangements  are  as  shown  in  Fig.  41. 

7.  Contributions  of  the  Author  to  Wireless  Telegraphy. 
1900  to  1906. — The  Author's  contributions  to  practical  wireless  telegra- 
phy have  consisted  partly  in  the  design  of  instruments  for  the  exact 
measurement  of  electromagnetic  waves  of  long  wave  length  and  in 
devices  for  their  detection,  and  partly  in  improvements  in  apparatus 
for  producing  powerful  electric  waves  by  the  discharge  of  large  con- 
densers, energized  by  means  of  -alternating  current  transformers, 
connected  to  high  tension  alternators.  One  of  these  power  wave 
generating  arrangements  is  described  in  his  British  specification. 
No.  18,865,  October  22,  1900.  In  this  arrangement  an  alternator,  A 
(see  Fig.  43),  carries  upon  a  prolongation  of  its  shaft  a  revolving  arm,  ;r, 
insulated  from  the  earth,  and  also  an  insulating  cylinder  or  disc,  D, 
having  two  contact  plates  laid  upon  a  portion  of  its  circumference. 
The  revolving  arm  moves  between  two  curved  sectors,  Cj,  Ca,  a  knob 
at  the  end  of  the  arm  coming  into  close  proximity  to,  but  not  touching, 
the  curved  sectors.  An  alternating  current  transformer,  Ti,  has  its 
primary  circuit,  P,  connected  through  a  switch  with  the  terminals  of 
the  alternator  A,  and  its  secondary  circuit,  Q,  is  connected  by  one 
terminal  with  the  curved  sector  C„  and  the  other  to  one  surface  of 
a  large  condenser,  C,  the  corresponding  surface  of  this  condenser  being 
connected  to  the  central  point  of  the  revolving  arm.  The  other 
curved  sector,  C„  is  connected  to  one  end  of  the  primary  circuit  of  an 
oscillation  transformer,  T.^,  the  other  end  being  joined  to  the  condenser. 
The  secondary  circuit  of  this  oscillation  transformer  is  connected  to  a 
pair  of  spark  balls.  These  spark  balls  are  shunted  by  a  second 
condenser,  and  the  primary  circuit  to  a  third  oscillation  transformer, 
T,.  This  last  oscillation  transformer  has  its  secondary  circuit  connected 
in  between  an  aerial  wire,  V,  and  an  earth  plate.  The  rotating  arm  X 
on  the  shaft  of  the  alternator  is  fixed  in  such  a  position  that  just  when 
it  comes  to  within  touch  of  the  curved  sector  C,  the  electromotive 
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force  of  the  alternator  has  its  maximum  value  during  one  period. 
Hence,  if  the  transformer  T,  is  a  high  tension  transformer,  under  these 
circumstances  a  spark  will  jump  across  between  the  curved  sector  C, 
and  the  rotating  arm  X,  and  the  condenser  C  will  become  charged. 
When  the  arm  swings  round  into  proximity  with  the  other  curved 
sector  Ca,  this  condenser  discharges  itself  through  the  primary  circuit 
of  the  oscillation  transformer  T^.  The  resulting  oscillations  charge 
the  second  condenser  C,  and  this  in  turn  discharges  across  the  spark 
balls  with  oscillations  when  its  potential  reaches  a  value  corre- 
sponding with  the  length  of  the  spark  gap.  Finally,  oscillations  are 
set  up  in  the  open  circuit,  and  their  energy  radiated  as  electric  waves. 
Signals  are  made  by  opening  and  closing  the  primary  circuit  of  the 
alternating  current  transformer  T,.     The  purpose  of  the  insulated 


Fig.  43.— Rotating  Arm  Alternator  and  Transformer  Plant  for  the  Production 
of  Powerful  Electric  Waves.     (Fleming.) 

cylinder  on  the  shaft  of  the  alternator  is  to  prevent  this  opening  and 
closing  of  the  high  tension  transformer  circuit  during  the  time  that 
the  revolving  arm  is  passing  in  front  of  the  curved  sectors.  These 
curved  sectors  are  such  a  length  that  the  passage  of  the  knob  of  the 
revolving  arm  over  the  sector  is  only  a  short  fraction  of  the  whole  time 
of  one  half  period  of  the  alternating  current,  and  takes  place  during 
the  time  that  the  electromotive  force  of  the  alternator  is  a  maximum 
during  the  period. 

The  object  of  the  insulating  cylinder  on.  the  alternator  shaft  is  to 
render  it  impossible  to  interrupt  the  charging  of  the  condenser  during 
the  time  the  revolving  arm  is  passing  on  its  surface  two  curved  plates 
of  metal  like  an  ordinary  split  tube  commutator.  Against  this  cylinder 
two  metallic  springs  press,  and  these  are  therefore  put  into  electrical 
connection  when  the  springs  are  both  touched  by  a  metal  part,  but 
are  disconnected  when  both  are  resting  on  an  insulating  portion  of 
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the  cylinder.  These  springs  are  in  series  with  a  battery,  key,  and 
electromagnet.  This  electromagnet  operates  a  mercury  or  other 
contact  key,  which  opens  and  closes  the  primary  circuit  of  the  high 
tension  transformer.  The  cylinder  is  so  set  on  the  shaft  of  the 
alternator  that  the  operat^or,  by  pressing  the  hand  key  K,  can  tilt  back- 
wards or  forwards  the  main  key  U.  This  last  key,  however,  cannot  be 
moved  during  the  time  of  passage  of  the  arm  x  in  froat  of  the  sectors, 
but  only  during  the  remainder  of  a  revolution  of  the  arm.  The 
locking  of  the  main  key  in  this  manner  is  required  to  prevent  the 
possibihty  of  damage  to  the  high  tension  transformer  or  condenser  by 
suddenly  interrupting  a  large  current  when  it  is  flowing  into  the 
condenser.  The  performance  of  the  plant  is  as  follows :  At  each  revolu- 
tion of  the  alternator,  which  may  occupy  0-06  of  a  second  (correspond- 
ing to  1200  revolutions  per  minute\  the  first  condenser  is  charged 
and  discharged  with  oscillations.  As  this  condenser  is  one  of  large 
capacity,  say  1  mfd.,  these  oscillations  are,  relatively  speaking,  slow. 
They  may  have  a  frequency  as  low  as  100,000,  or  less.  These  oscilla- 
tions are  very  slightly  damped,  as  the  spark  resistance  in  the  discharge 
circuit  is  very  small  and  the  circuit  is  non-radiative.  At  each  of  these 
oscillations  the  second  condenser  is  charged,  and  as  the  capacity  of 
this  last  condenser  is  much  less  than  that  of  the  primary  condenser, 
its  oscillations  through  its  own  spark  gap  and  the  primary  of  the 
oscillation  transformer  T,  have  a  much  higher  frequency. 

To  secure  the  best  result,  however,  the  circuit  composed  of  the 
condenser  C\  the  primary  of  the  transformer  T„  and  the  secondary  of 
the  transformer  Tg,  must  be  tuned  by  the  insertion  of  inductance,  so 
as  to  have  the  same  time  period  as  the  discharge  circuit  of  the  main 
condenser  C.  The  spark  balls  D'  can  then  be  set  ut  such  a  distance 
apart  that  the  voltage  on  the  secondary  terminals  of  the  transformer 
T.^  cannot  per  se  make  a  discharge  across  the  gap,  but  the  discharge  is 
only  brought  about  when  resonance  has  so  exalted  the  potential 
difference  of  the  condenser  C  that  it  is  able  to  discharge  across  the 
gap  with  oscillations.  Hence  we  have  a  discharge  of  the  condenser 
C'  taking  place,  not  at  every  oscillation  of  the  condenser  C,  but  at 
every  few  oscillations.  Nevertheless,  the  result  is  that  the  groups  of 
oscillations  resulting  in  the  aerial  circuit  are  far  more  numerous  and 
of  far  greater  amplitude  than  those  taking  place  in  the  main  condenser 
circuit.  We  are  thus  able  to  step-up  the  potential,  and  to  step-up  the 
group  frequency  and  also  the  frequency  of  the  individual  oscillations 
in  the  groups,  and  obtain  a  very  energetic  radiation  consisting  of  wave 
trains  extremely  close  together. 

Similar  arrangements  can  be  carried  into  effect  employing  a  high 
tension  continuous  current  dynamo. 

In  a  subsequent  specification,  No.  3481  of  February  18,  1901,  the 
Author  described  a  simpler  and  yet  more  powerful  arrangement  for 
generating  energetic  electromagnetic  waves."  In  this  arrangement 
a  high  tension  alternator,  A  (see  Fig.  44),  has  its  terminals  connected 
to  the  primary  circuit  of  one  or  more  alternating  current  transformers, 
T„  which  may  be  arranged  with  their  primary  circuits  in  parallel  or 
series.     It  is  usually  most  convenient  to  employ  an  alternator  having 

"  The  equivalent  United  States  Patent  is  No.  758,004,  applied  for  April  8, 
1901,  dated  April  19,  1904. 
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an  electromotive  force  of  2000  volts,  and  to  employ  a  battery,  of  high 
tension  transformers  raising  voltage  from  2000  to  30,000  volts.  The 
primaries  of  these  transformers  may  be  joined  in  parallel  on  the  alter > 
nator  terminals,  and  the  secondary  circuits  may  be  joined  in  series,  so 
as  to  add  together  the  potentials  of  the  transformers.  In  the  circuit 
with  the  alternator  and  the  transformers  are  placed  two  coils  of  high 
inductance,  H„  Rji  which  are  provided  with  E-shaped  iron  cores, 
capable  of  being  lowered  down  into  these  bobbins,  so  as  to  increase 
their  inductance.  One  of  these  bobbins  is  short-circuited  by  a  key, 
K.  The  secondary  terminals  of  the  alternating  current  transformer 
Ti  are  connected  to  a  spark  discharger,  Sj,  the  balls  of  which  are 
shunted  by  a  condenser,  C,,  and  the  primary  circuit  of  an  oscillation 
transformer,  T.^.  A  similar  inductive  coupling  is  then  repeated  with 
another  condenser,  Ca,  spark  ball,  S,,  and  oscillation  transformer,  T,. 


Fig.  44.— Alternator  Transformer  and  Condenser  Plant  with  Multiple  Oscillation 
Transformers  and  Spark  Gaps  for  the  Production  of  Powerful  Electric 
Waves.     (Fleming.) 

The  secondary  circuit  of  this  last  transformer  is  finally  connected  to 
an  aerial.  A,  and  an  earth  plate,  E.  The  operation  of  the  arrange- 
ment is  as  follows :  One  of  the  choking  coils,  Hj,  is  short-circuited  by 
the  key  K,  and  the  iron  core  Ij  of  the  other  choking  coil  BL,  is  lowered 
into  such  a  position  that  its  impedance  permits  not  more  than  the 
maximum  full  load  primary  current  to  flow  into  the  transformer  Tj 
when  the  balls  S,  are  short-circuited.  The  iron  core  Ii  of  the  choking 
coil  Hj  is  then  lowered  down  into  the  coil,  and  if  the  key  K  is  then 
raised  the  impedance  of  the  choking  coil  H,  will  stop  all  current  from 
flowing  into  the  transformer  Tj.  When  these  arrangements  have 
been  made,  the  balls  S,  are  set  up  such  a  distance  apart  that  an  alter- 
nating arc  discharge  will  not  take  place,  due  to  the  mere  secondary 
electromotive  force  of  the  transformer  T,  working  alone  without  the 
condenser  shunt  circuit.     The  spark  gap  is  thus  made  greater  than 
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that  corresponding  to  the  normal  maximum  voltage  of  the  high  tension 
transformer  working  alone.  If,  then,  the  condenser  G,  and  oscillation 
transformer  T2  are  connected  to  the  spark  baUs  S,,  as  shown  in  the 
drawing,  and  the  other  connections  also  completed,  we  have  three 
circuits  inductively  connected  with  one  another.  In  the  first  place, 
there  is  the  circuit  of  the  alternator  and  the  primary  of  the  high 
tension  transformer  T,.  In  this  circuit  we  have  an  alternating  cur- 
rent flowing,  the  frequency  of  which  is  determined  by  the  speed  and 
construction  of  the  alternator.  It  is  possible  to  arrange  the  inductance 
and  capacity  of  the  circuit  composed  of  the  condenser  C„  the  primary 
circuit  of  the  oscillation  transformer  T2,  and  the  secondary  circuit  of 
the  high  tension  transformer  T„  that  this  circuit  is  in  resonance  with 
the  alternator  circuit.  When  this  is  the  case,  the  alternator  current 
will  create  a  powerful  secondary  current  in  the  condenser  circuit,  and 
the  potential  between  the  spark  balls  Sj  will  accumulate  to  such  a 
value  that  a  discharge  takes  place  across  the  spark  balls.  The  con- 
denser Ci  then  discharges  with  oscillations,  and  these  oscillations  are 
transformed  up  in  potential  by  the  oscillation  transformer  Tj,  and  set 
up  secondary  oscillations  and  discharges  in  the  circuit  composed  of 
the  condenser  Ca,  the  spark  ball  S^,  and  the  primary  of  the  oscillation 
transformer  T,.  Finally,  these  give  rise  to  powerful  high  frequency 
oscillations  in  the  aerial  circuit,  which  throw  off  their  energy  in  the 
form  of  electric  waves.  This  result,  however,  is  only  secured  when 
the  several  circuits  thus  inductively  coupled  are  in  resonance  with 
each  other. 

The  whole  of  the  discharges  are  under  perfect  control  by  means  of 
the  key  K,  and  when  this  key  is  up  the  impedance  of  the  choking 
coil  H,  prevents  any  sensible  current  from  flowing  through  the 
transformer  T,.  When  the  key  is  down  the  oscillatory  discharges 
succeed  one  another  with  great  rapidity,  hence  they  can  be  cut  up 
into  dots  and  dashes  in  accordance  with  the  Morse  code.  The  same 
specification  provides  numerous  details  of  the  construction  of  these 
transformers,  and  also  of  the  condensers  employed. 

It  is  desirable  that  the  condensers  be  arranged  in  parallel  between 
two  conductors,  so  that  for  each  component  condenser  of  the  battery 
of  condensers  the  length  of  circuit  through  which  the  discharge  takes 
place  is  exactly  the  same.  This  arrangement  is  an  exceedingly 
powerful  arrangement  for  producing  rapid  trains  of  electric  waves 
by  multiple  transformation  of  electric  oscillations  in  circuits  which 
are  brought  into  resonance  with  each  other. 

In  a  British  patent  specification  (No.  20,576,  of  November  14, 
1900)  the  Author  described  another  method  of  controlling  the  oscilla- 
tory discharges  so  as  to  cut  them  up  into  signals  by  means  of  a 
movable  or  directed  air  blast,  as  shown  in  Fig.  45."  A  tube,  J,  from 
which  an  air  blast  is  proceeding,  is  hinged  so  that  the  air  blast  can  be 
directed  between  the  spark  balls,  across  which  a  condenser  is  dis- 
charging. These  balls  are  set  at  such  a  distance  apart  that  when  the 
air  blast  is  not  directed  on  them  the  high  tension  transformer  T  creates 
an  alternating  current  arc  between  the  balls  S,,  but  no  oscillations 
take  place  in  the  condenser  circuit  shunted  across  the  balls.     On 

1*  The  oquivalent  United  States  patent  is  No.  758,005,  applied  for  April  8, 
1901,  and  dated  April  19,  1904. 
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directing  the  blast  against  the  spark  balls,  the  alternating  current  arc 
is  blown  out  and  an  oscillatory  discharge  takes  place. 

By  interrupting  the  air  blast  either  by  a  valve  in  the  pipe  or  by 
moving  the  nozzle,  the  oscillatory  discharge  can  be  created  for  long 
or  short  periods,  as  required,  to  make  the  signals  of  the  Morse 
alphabet. 

In  another  British  patent  specification  (No.  22,126,  of  December 
5,  1900)  the  Author  described  a  similar  multiple  oscillation  circuit,  but 
the  control  of  the  oscillations  was  achieved  by  inserting  in  the  circuit 
of  the  alternator  and  first  transformer  another  regulating  transformer, 
the  secondary  circuit  of  this  regulating  transformer  being  closed  on 
water  resistances,  Wj,  Wj,  consisting  of  plates  immersed  in  vessels  of 
water.  As  long  as  the  secondary  circuit  of  this  regulating  transformer 
is  open,  its  primary  circuit  offers  such  impedance  to  the  flow  of  the 
current  from  the  alternator,  that  no  current  passes  through  the  primary 
circuit  of  the  high  tension  transformer  T  sufficient  in  magnitude  to 
charge  the  condensers  connected  with  the  secondary  circuit  of  this 
last  transformer.     If,  however,  a  key,  E,  in  the  secondary  circuit  of 
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Fig.  45.— Method  of  SignaUing  by  Adjustable  Air  Blasts  impinging  on  the 
Spark  Balls.    (Fleming.) 

the  regulating  transformer  is  closed,  then  current  at  once  flows  through 
the  high  tension  transformer  T  sufficient  to  charge  the  condenser  C 
and  create  the  oscillatory  discharges. 

It  will  be  seen  that  the  devices  described  in  the  above  three 
mentioned  British  specifications,  Nos.  20,576  and  22,126  of  1900,  and 
3481  of  1901,  amongst  other  things,  are  for  means  of  controlling  the 
current  flowing  through  the  primary  circuit  of  the  battery  of  high 
tension  transformers  without  at  any  time  opening  the  said  primary 
circuit. 

Another  arrangement  of  the  same  type  described  by  the  Author  in 
his  British  patent  specification,  No.  24,825  of  1901,  is  for  an  arrange- 
ment in  which  oscillations  of  different  frequency  can  be  created 
simultaneously  in  two  aerials  associated  with  one  and  the  same 
oscillatory  circuit  actuated  by  some  high  tension  transformer  and 
alternator.  In  this  manner  two  sets  of  waves  of  different  wave  length 
can  be  radiated  simultaneously,  sending  different  messages  and 
received  upon  different  receivers  at  the  same  or  different  places. 

Another  invention  of  the  Author  in  connection  with  transmitting 
apparatus  is  for  a  discharger  (see  British  specification,  No.  25,383,  of 
November  20,  1903,  or  United  States  patent,  No.  792,014),  consisting 
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of  balls  which  are  set  in  revolution  by  electric  motors  or  other  means, 
and  included  in  a  chamber  in  which  nitrogen  or  carbonic  acid  gas  is 
compressed. 

The  balls  or  discs  between  which  the  discharge  takes  place  are 
driven  round  at  a  slow  pace  by  means  of  gearing,  which  in  turn  is 
driven  by  a  small  electric  motor  or  clockwork  (see  Fig.  46).  When 
electric  motors  are  employed,  each  ball  or  disc  is  preferably  driven  by 
its  own  motor,  and  these  motors  are  contained  in  a  cast  or  wrought 
iron  sound-proof  chamber,  which  also  contains  the  ball  discharger. 
As  the  contact  surfaces  are  continually  being  changed  they  wear  more 
evenly,  and  the  kind  of  spark,  therefore,  required  for  the  performance 
of  electric  wave  telegraphy  is  better  preserved.     If  these  balls  or  discs 


Fig.  46.— Rotating  Ball  Discharger  Working  in  Compressed  Nitrogen.  (Fleming.) 
a,  a,  rotating  spark  balls ;  a^,  electric  motors ;  /,  /,  tilting  tables  for  varying 
spark  length ;  ^S  ^^,  discharge  circuit  leads. 

are  hollow,  water  may  be  caused  to  circulate  through  them  and  so 
keep  them  cool.  It  is  found  that  a  very  great  advantage  is  secured 
by  using  a  short  spark  taken  in  compressed  nitrogen  enclosed  in  a 
strong  iron  reservoir,  as  the  electric  discharge  can  be  made  perfectly 
noiseless,  and  the  unpleasant  effects  arising  from  this  sound  are 
obviated.  In  order  to  make  the  contact  between  the  revolving  ball 
or  disc  and  the  external  electrical  generator  (whether  it  be  a  trans- 
former, induction  coil,  or  any  other  means),  mercury  cup  contacts  are 
used.  The  shaft  carrying  the  ball  or  disc  has  on  it  a  copper  cup 
containing  mercury,  and  a  stout  copper  pin  connected  with  the 
external  circuit  dips  into  this  mercury.  The  disc  can,  therefore, 
revolve,  and  yet  a  good  connection  is  kept  up  with  the  external 
circuit.     Otherwise  the  mercury  cups  are  connected  with  the  external 
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circuit,  and  a  copper  disc  or  pin  on  the  revolving  shaft  which  carries 
the  balls  dips  into  the  mercury  in  this  fixed  cup. 

If  the  discharger  is  enclosed  in  an  air-tight  reservoir  containing 
compressed  gases,  then  the  rods  or  cables  coming  from  the  generator 
must  pass  air-tight  through  the  sides  of  the  reservoir  by  means  of 
glands.  The  screws  also  setving  to  alter  the  distance  of  the  balls  or 
discs  must  in  the  same  way  pass  air-tight  through  the  sides  of  the 
reservoir. 

In  Fig.  46  a  is  a  cast-iron  ball,  say  about  6  inches  in  diameter, 
which  is  traversed  by  a  copper  shaft,  ft,  having  a  hard  steel  point,  h\ 
on  the  bottom  end,  and  the  top  end  having  in  it  a  steel  pin,  ft^,  entering 
the  cup  formed  in  the  top  of  the  ball.  Each  ball  is  supported  upon  a 
wooden  bridge,  r,  on  ebonite  insulators,  r',  carrying  a  brass  sole  plate, 
(^j  in  which  there  is  a  recess  for  the  steel  point  h'  to  rest.  The  ball 
is  sustained  in  an  upright  position  in  the  following  manner :  </,  d  are 
two  stout  wooden  uprights,  which  carry  horizontal  corrugated  ebonite 
insulators,  d'.  These  ebonite  insulators  carry  a  transverse  copper 
strip,  (t^,  having  attached  to  it  a  copper  pin,  (P.  This  copper  pin  has 
a  longitudinal  hole  bored  in  it  to  receive  the  steel  pin  IP,  and  in  order 
to  prevent  metal  to  metal  contact,  a  glass  tube,  ft*,  is  slipped  over  the 
pin  b\  The  cup  in  the  top  of  the  ball  is  then  filled  with  mercury. 
In  this  manner  the  ball  is  connected  electrically  by  a  very  good  joint 
with  the  copper  strip  d^,  which  is  the  terminal  of  the  instrument,  and 
yet  the  ball  itself  is  free  to  revolve  quite  easily.  The  ball  is  driven 
round  by  an  electric  motor  in  the  following  way :  On  the  lower  end 
of  the  shaft  b  is  fixed  a  worm  wheel,  e,  which  engages  with  a  worm, 
e\  on  an  insulated  shaft,  ^,  of  ebonite.  On  the  shaft  e*  is  a  second 
worm  wheel,  «*,  driven  by  the  worm  e  on  the  shaft  of  the  nrotor  e*. 
The  whole  arrangement  is  carried  upon  a  platform  composed  of  two 
boards,  /,/,  jointed  together  by  hinges,  f\  The  upper  board/  can  be 
tilted  by  screw  /',  so  that  by  tilting  the  two  tables  which  carry  the 
two  halves  respectively  of  the  discharger,  the  balls  can  be  brought 
nearer  to  or  moved  away  from  one  another,  so  as  to  vary  the  spark  gap. 

This  apparatus  is  enclosed  in  a  sheet-steel  or  cast-iron  drum,  g, 
sufficiently  large  to  contain  the  whole  discharger  conveniently,  pre- 
ferably constructed  like  a  small  cylindrical  boiler. 

In  this  boiler  there  is  a  pair  of  glands  or  stuffing  boxes,  ^,  through 
which  the  cables  are  brought  air-tight  to  the  copper  strip  d^,  and  also 
two  glands,  (f,  for  the  cables,  conveying  the  current  and  driving  the 
small  motors  e*.  Stuffing  boxes,  ^,  are  also  provided  for  the  screws  /». 
In  this  manner  the  balls  can  be  driven  round  in  an  air-tight  chamber 
into  which  nitrogen  or  carbonic  acid  can  be  pumped  under  pressure. 
As  the  action  of  the  electric  spark  is  to  combine  together  the  oxygen 
and  nitrogen  of  the  air  producing  nitric  acid,  it  is  better  to  employ 
nitrogen  instead  of  air. 

It  is  desirable,  therefore,  to  provide  the  closed  chamber  with  a 
pressure  gauge,  (/*,  and  a  safety  valve,  /,  so  that  a  stated  pressure 
may  not  be  exceeded.  In  this  closed  chamber  or  iron  boiler  there 
should  also  be  a  smaU  peep  hole,  /,  closed  with  a  stout  glass  plate  to 
enable  the  spark  to  be  inspected. 

Another  of  the  Author's  devices  is  a  signalling  key  operated  by  a 
punched  tape  (see  British  specification.  No.  25,382,  of  November  20, 
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1903,  or  United  States  specification,  No.  792,016).  The  object  of 
this  invention  is  to  actuate  the  key  employed  to  short-circuit  the 
choking  coils  described  in  the  transmitting  arrangement  covered  by 
the  British  specification.  No.  3481  of  1901.  For  this  purpose  a 
key  is  used  which  effects  the  required  short-circuiting  by  immersing 
in  a  mercury  vessel  two  prongs  carried  on  the  end  of  an  arm  (see 
Fig.  47).  A  light  wooden  arm,  a,  is  pivoted  on  a  fixed  stand,  and 
carries  two  wires,  which  are  connected  respectively  to  two  fixed 
terminals.  These  wires  end  in  curved  branches,  which  are  immersed 
in  a  vessel  of  mercury,  j,  when  the  arm  is  depressed,  thus  con- 
necting or  short-circuiting  the  choking  coil  terminals.  The  switch 
terminals  are  connected  by  wires  with  the  choking  coil  H  in  the 
arrangement  above  mentioned.  The  movement  of  the  arm  is  effected 
in  the  following  manner :  The  shorter  end  of  the  arm  carries  a  tape,  (/, 
which  lies  over  the  pulley  of  a  rapidly  revolving  electric  motor.  A 
jockey  pulley,  g,  rests  upon  this  tape,  the  said  jockey  pulley  being 
carried  at  the  end  of  a  pivoted  arm,  to  which  is  also  attached  an  iron 
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Fig.  47.— Automatic  Signalling  Key  for  High  Tension  Alternator  Circuit 
operated  by  Punched  Tape.     (Fleming.) 

armature  situated  near  the  poles  of  an  electromagnet,  h.  When  the 
circuit  of  this  electromagnet  is  closed,  the  armature  is  drawn  down, 
and  the  jockey  pulley  presses  the  tape  against  the  pulley  of  the 
revolving  motor,  causing  it  to  grip  and  be  wound  up  as  far  as  it  will 
go.  The  short  end  of  the  arm  is  then  raised,  and  the  long  side 
depressed,  thus  immersing  the  curved  wires  in  the  mercurv  vessel. 

The  electromagnet  is  energized  by  means  of  another  battery,  the 
circuit  of  which  is  closed  through  two  wheels.  One  of  these  is  a  wide 
pulley,  on  which  the  perforated  paper  tape,  w,  is  made  to  travel  by 
means  of  clockwork,  and  the  other  wheel  is  a  small  platinum  disc,  /, 
which  drops  through  the  holes  pimched  in  the  paper  tape  and  makes 
contact  with  the  larger  wheel,  thus  completmg  the  magnet  circuit  at 
intervals  and  for  times  corresponding  to  the  holes  punched  in  the  tape 
in  accordance  with  the  Morse  signals.  This  arrangement  permits  of 
the  rapid  and  certain  operation  of  the  key,  the  function  of  which  is 
to  short-circuit  the  choking  coils  in  the  arrangement  described  in 
Fig.  44,  and  so  create  the  oscillations  in  the  multiple  transformer 
circuit.  Any  message  can  be  punched  in  section  lengths  of  paper 
tape,  and  these  fed  through  the  transmitter  in  proper  order.     In 
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transmitting  code  messages,  this  automatic  sending  key  is  of  great 
value,  as  the  spacing  of  letters  and  words  is  accurately  kept,  whatever 
the  speed  of  transmission. 

The  Author's  inventions  in  connection  with  the  measurement  of 
long  electric  waves  and  the  conversion  of  electric  oscillations  into 
continuous  currents  by  means  of  an  oscillation  valve  have  already  been 
described  in  Chapter  VI. 

8.  Eleotrio  Wave  Wireless  Telegraphy  in  the  United  States. 
— Practical  work  in  wireless  telegraphy  by  electromagnetic  waves  in 
the  United  States  is  chiefly  connected  with  the  names  of  E.  A. 
Fessenden,  Lee  de  Forest,  J.  S.  Stone,  and  a  few  others. 

In  spite  of  numerous  newspaper  announcements  concerning  the 
experiments  of  Nikola  Tesla,  there  has  been  little  practical  confirma- 
tion as  yet  of  them  in  the  form  of  definite  achievement.  An  enormous  ' 
number  of  patents  have  been  issued  to  patentees  who  have  busied 
themselves  chiefly  with  composing  variations  on  the  work  of  others,  i 
or  with  ideal  schemes  and  elaborate  mechanisms  which  are  not 
known  to  be  based  upon  genuine  performance.  Many  American 
workers  have,  however,  been  seriously  occupied  with  attempts  to 
improve  the  speed,  certainty,  and  isolation  of  wireless  telegraphy,  and 
have  for  this  purpose  for  the  most  part  discarded  and  tapped  metallic 
filings  coherer,  and  adopted  some  other  form  of  cymoscope  operated 
in  connection  with  a  telephone  so  as  to  receive  by  ear. 

The  record  of  this  work  is  chiefly  to  be  found  in  the  bulky 
volumes  of  United  States  patent  specifications.  These  documents 
are  often  elaborate  treatises  on  the  subject,  abounding  in  references 
to  the  literature  and  present  "  state  of  the  art." 

It  is  a  matter  of  the  greatest  difficulty  in  reading  these  specifica- 
tions to  separate  out  the  wheat  from  the  chaff  and  distinguish  that 
which  is  really  new  and  useful  from  that  which  is  simply  an  effort  to 
disguise  old  knowledge  in  a  new  form. 

For  the  purposes  of  this  treatise,  it  will  be  sufficient  to  mention 
the  principal  specifications  of  the  chief  workers,  with  a  few  words 
of  comment  describing  their  contents,  and  leave  the  reader  to  make 
further  acquaintance  with  them  if  desired,  in  the  volumes  in  the 
Patent  Office  Library. 

9.  Work  of  R.  A.  Fessenden.  1899  to  1905.— The  work  of 
Professor  E.  A.  Fessenden  on  wireless  telegraphy  congmenced  in  con- 
nection with  the  United  States  Weather  Bureau  at  Wfiflhington,  and 
has  chiefly  been  directed  to  the  invention  of  wave  detectors,  working 
in  virtue  of  thermal  action,  appliances  for  producing  continuous  trains 
of  electromagnetic  waves,  methods  for  increasing  wave  energy  and 
wave  length,  and  devices  for  achieving  the  isolation  or  syntonization 
of  wireless  telegraph  stations. 

The  following  list  of  United  States  patents  granted  to  him 
includes  those  in  which  his  chief  contributions  to  the  subject  are 
specified. 

No.  706,785,  applied  for  December  16,  1899. — This  is  for  a  dynamometer 
detector  for  electric  waves.    Starting  from  the  fact  discovered  by  the  Author  of  - 
this  treatise  in  1887,  that  a  ring  or  disc  hung  at  an  angle  of  45°  to  the  plane  of 
fixed  coils  is  caused  to  deflect  when  an  alternating  current  passes  through  the 
coils,  Fessenden  applied  this  principle  in  the  construction  of  a  device  for  detecting 
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electrical  oscillations.  A  light  suspended  silver  ring  with  attached  mirror  is 
placed  obliquely  between  two  fixed  coils,  which  last  are  in  the  circuit  of  the 
receiving  aerial.  The  oscillations  set  up  in  the  aerial,  and  therefore  in  the  fixed 
coils,  create  induced  currents  in  the  ring  and  cause  it  to  deflect.  This  form  of 
receiver  is  useful  in  metrical  work,  but  is  not  sensitive  enough  for  long-distance 
practical  wireless  telegraphy. 

No.  706,736,  applied  for  December  15, 1899. — This  is  for  improvements  on  the 
electrodynamic  type  of  detector  described  in  the  previous  specification. 

No.  777,014,  applied  for  Jime  2,  1900. — This  contains  a  description  of  an 
elaborate  apparatus  for  generating  two  or  more  series  of  electric  waves,  and 
recording  at  each  receiving  station  only  such  series  of  waves  as  are  sent  out  in 
a  particular  order.  Its  purpose  is  to  obtain  privacy  in  the  telegraphy.  With 
this  object  he  employs  several  sending 
and  receiving  aerials,  and  the  apparatus 
is  so  arranged  that  to  produce  a  tele- 
graphic dot  or  dash  at  the  receiving 
station  requires  the  conjoint  action  of 
waves  from  all  the  sending  wires,  and 
these  are  caused  to  perforate  at  the  re- 
ceiving station  telegraphic  paper,  which 
then  passes  through  a  recording  appa- 
ratus. This  last  records  a  dot  or  dash 
only  when  certain  properly  spaced  per- 
forations are  made  on  the  telegraphic 
tape  by  the  conjoint  action  of  the  group 
of  waves  sent  out  from  the  transmitter. 
The  apparatus  in  principle  somewhat  re- 
sembles that  developed  later  by  Anders 
Bull. 

No.  706,787,  applied  for  May  29, 1901." 
— This  is  a  patent  for  the  construction  of 
an  aerial  consisting  of  a  nimiber  of  wires, 
grouped  in  cylinder  fashion,  to  construct 
an  aerial  of  large  capacity.  The  patentee 
considers  that  if  such  an  aerial  were 
associated  with  an  inductance  and  an 
alternator  directly,  no  spark  gap  being 
used,  it  would  radiate  very  long  electric 
waves.  It  is  doubtful,  however,  whether 
it  would  do  so.  The  creation  of  an  electric 
wave  seems  to  involve  a  certain  sudden- 
ness in  the  beginning  of  the  oscillations, 
and  an  alternator  giving  a  simple  sine- 
curve  electromotive  force  would  not  be 
likely  to  produce  the  requried  effect  unless 
the  frequency  of  the  alternator  was  ex- 
tremely high. 

No.  706,788,  appUed  for  May  29,  1901. 
— This  covers  various  forms  of  sending 
and  receiving  aerial  of  large  capacity. 

No.  706,739,  applied  for  May  29, 
1901.'* — This  patent  covers  devices  for  clothing  or  surrounding  the  sending  aerial 
with  media,  having  large  dielectric  constant  and  considerable  permeability.  The 
patentee  desired  to  create  long  electric  waves  with  short  aerials,  and  he  considers 
that  he  can  do  it  by  packinff  round  the  aerial  with  dielectrics  such  as  paraffin, 
pitch,  indiarubber,  or  other  aielectrics  having  iron  filings  embedded  in  it.  The 
Author  is  not  aware  that  the  process  has  been  tried,  and  in  any  case  it  would 
probably  result  in  considerable  absorption  of  the  energy  of  the  oscillations.  The 
suggestion  is  based  upon  the  optical  tAct  that  when  a  wave  of  light  emerges  from 
a  material  of  high  refractive  index  into  one  of  smaller,  the  wave  length  is 

"  The  equivalent  British  specification  is  No.  17,708,  of  August  12,  1902. 

"  The  equivalent  British  patent  is  No.  17,703,  of  August  12,  1902.  The  reader 
may  compare  this  specification  of  Fessenden*s  with  tnose  of  J.  S.  Stone,  Nos. 
717,611  and  717,612,  applied  for  January  23,  1901. 


Fio.  48.— Fessenden*s  Spark  Dis- 
charger using  Compressed  Air. 
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increased  proportionately  to  the  velocity,  since  the  frequency  must  remain  the 
same. 

No.  706,740,  applied  for  September  28,  1901.«'— This  is  for  a  system  of  electric 
wave  telegraphy  in  which  two  or  more  radiators  are  employed  to  send  out  waves 
of  different  wave  length,  and  at  the  receiving  station  a  corresponding  number  of 
receiving  aerials  are  employed,  and  a  receiver  which  cannot  operate  except  in 
virtue  of  the  conjoint  action  of  all  these  waves  of  different  wave  length.  The 
coherer  or  cymoscope  placed  in  the  receiving  aerial  circuit  is  not  supposed  to  be 
acted  upon  by  either  wave  train  separately,  but  only  by  the  sum  or  difference  of 
their  actions  on  the  receiving  aerials. 


^^^ 
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Fio.  49. — Diagram  of  Connections  in  Fessenden's  Beceiving  Apparatus  for 
Electric  Wave  Telegraphy. 

No.  706,741,  applied  for  November  6, 1901. — This  specification  covers  devices 
for  creating  the  oscillatory  spark  in  the  wave-generating  circuit  in  the  interior 
of  a  vessel  in  which  air  or  other  gases  is  compressed.  The  inventor  prefers  to 
take  the  spark  discharge  between  a  plate,  5,  and  a  point,  4  (see  Fig.  48).  He  states 
that  the  terminals  are  to  be  adjusted  about  0-26  inch  apart,  and  that  as  the  pressure 
of  the  gas  increases  the  dielectric  strength  is  raised  to  almost  any  extent  without 
material  loss  in  oscillatory  power,  whereas  in  air  at  ordinary  pressure  increas- 
ing the  voltage  beyond  that  sufficient  to  give  a  1-inch  spark  in  air  results  in 
no  increase  in  radiation.     He  also  states  that  if  we  employ  a  constant  spark 


'  The  equivalent  British  patent  is  No.  17,704,  of  August  12,  1902. 
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voltage  and  raise  the  gas  pressure,  then  the  corresponding  spark  length  is 
reduced  as  the  pressure  rises,  hut  that  up  to  fifty  pounds  pressure  on  the  square 
inch  no  marked  increase  in  the  electric  radiation  takes  place.  If,  however, 
the  pressure  is  increased  beyond  sixty  poimds,  the  patentee  states  that  the 
radiation  begins  to  increase,  and  at  eighty  pounds  is  about  three  and  a  half 
times  that  at  fifty  pounds,  and  becomes,  moreover,  substantially  proportional  to 
the  potential  of  the  source  of  supply.  This  result  may  be  brought  about  by  the 
much  greater  suddenness  with  which  the  highly  compressed  gas  yields  under 
electric  stress  when  the  disruptive  voltage  is  reckched. 

No.  706,742,  applied  for  June  6,  1902.'^— In  this  specification  the 
patentee   describes   the   complete   arrangement   of    transmitter   and 
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Fig.  50. — Fessenden  Hot-wire  Receiver  Fig.  61. — Fessenden's  Arrangement  for 

or  Barretter,  consisting  of  a  fine  loop  working    Barretters    in  Parallel  or 

of  platinum  wire  (14)  enclosed  in  a  making  Changes, 
bulb  (18). 

receiver  for  utilizing  the  thermal  receiver  already  described,  con- 
structed with  a  fine  platinum  wire  in  a  vacuous  bulb.  The  trans- 
mitting arrangement  consists  of  a  multiple  aerial,  1  (see  Fig.  49), 
having  the  spark  balls  at  its  base  connected  to  the  secondary  terminals 
of  an  induction  coil.  The  lower  spark  ball  is  connected  to  the  earth 
through  an  adjustable  inductance  consisting  of  parallel  wires  placed 
in  a  vessel  of  oil,  the  effective  length  of  these  wires  being  variable. 
The  receiving  arrangement  consists  of  a  circuit  including  a  condenser, 
12,  and  a  variable  inductance,  13,  and  also  one  of  the  wire  ban*etters 
or  thermal  receivers  already  described  (see  Chap.  VI. ;  see  also  Fig. 

"  The  equivalent  British  patent  is  No.  17,705,  of  August  12,  1902. 
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50).  As  these  fine  loops  of  wire  are  easily  destroyed  by  any  excessive 
oscillations,  an  arrangement  is  provided  by  which  a  new  loop  can  be 
quickly  substituted  for  a  burnt-out  one  (see  Fig.  51).  The  thermal 
detector  is  connected  in  between  the  aerial  and  the  earth  when  it  is 
desired  to  receive.  The  effect  of  the  electric  waves  impinging  on 
the  receiving  aerial  is  to  create  oscillations  which  heat  the  very  fine 
wire  of  the  barretter  and  increase  its  resistance. 

To  detect  this  increase  in  resistance,  the  barretter  is  also  joined 
into  a  circuit  which  includes  a  telephone  and  a  shunted  voltaic  cell. 
When  the  resistance  of  the  barretter  is  suddenly  increased  by  the 
rise  in  temperature,  the  current  through  the  telephone  is  suddenly 
varied,  and  a  sound  is  heard,  long  or  short,  according  to  the  duration 
of  the  wave  trains,  thus  signalling  a  dash  or  dot  on  the  Morse  code. 

The  same  specification  contains  elaborate  instruction  for  making 
the  fine  platinum  wire  loops  and  mounting  them  in  bulbs  to  make 
the  barretter ;  also  descriptions  of  the  keys  and  sliding  inductances 
employed. 


I — I 

From  **  JTie  Electrician." 

Fio.  62.— Fessenden's  Wave  Chute. 

No.  706,744,  applied  for  June  6,  1902.— Gives  further  details  of 
the  process  of  making  the  platinum  wire  barretter  or  thermal  receiver. 
Since  one  single  loop  is  ver}^  fragile,  a  number  of  such  barretters  may 
be  joined  in  parallel.  This  does  not  decrease  the  sensitiveness  of  the 
receiver  as  a  whole,  since  the  reduction  of  resistance  is  accompanied 
by  a  reduction  in  inductance  of  the  whole  of  the  loops  taken  together, 
and  hence  a  greatly  increased  oscillation  current  results,  which  causes 
the  percentage  change  in  resistance  to  be  about  the  same  for  many  as 
for  one  single  loop. 

No.  706,748,  applied  for  June  26, 1902.— This  describes  a  method  of  recording 
the  signals  given  by  a  hot-wire  barretter  on  a  photographic  paper  band  and 
developing  the  same. 

No.  700,745,  applied  for  July  1,  1902. — This  specification  covers  a  description 
of  a  number  of  receiving  devices  and  the  best  mode  of  employing  them,  and 
distinguishes  between  those  modes  which  are  useful  when  using  potential  actuated 
devices,  such  as  a  coherer,  and  those  when  using  current  actuated  devices,  such 
as  a  thermal  cymoscope.    The  patentee  draws  a  comparison  between  the  sensibility 
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of  a  coherer  and  his  thermal  receiver,  stating  that  with  the  latter  messages  at 
the  rate  of  thirty  words  per  minute  were  sent  and  received  over  a  distance  of  fifty 
miles,  using  a  spark  at  the  sending  end  0*03  inch  in  length,  whereas  with  the  same 
arrangement  he  says  a  spark  5}  inches  had  to  be  employed  when  using  a  coherer. 
This,  however,  only  shows  that  under  the  circumstances  of  the  comparison  the 
coherer  was  being  used  in  a  very  disadvantageous  manner,  and  the  comparison 
is  not  an  equitable  one. 

No.  707,746,  applied  for  July  1,  lOOS.**— The  patentee  describes  in  this 
document  an  arrangement  which  he  calls  a  wave  chute  (see  Fig.  51).  This 
appears  to  consist  of  an  extensive  wire  netting,  which  is  connected  to  tne  earth 
plate  at  the  base  of  the  aerial,  and  spreads  over  anv  buildings  which  may  be  in 
its  neighbourhood.  In  the  specification  some  of  the  properties  of  "grounded 
waves  "  are  described,  which  the  patentee  seems  to  suggest  have  been  discovered 
by  himself.  In  this,  however,  he  is  in  error,  as  these  waves  are,  as  already 
shown,  the  type  of  wave  thrown  off  from  any  antenna  or  Marconi  aerial,  the 
so-called  wave  chute  being  only  an  extended  ground  plate. 

No.  715,043,  applied  for  August  27,  1902.''*— This  specification 
covers  the  description  of  a  form  of  magnetic  cymoscope  or  wave 
detector.  A  ring-shaped  core  of  iron  v^ires  is  v^ound  over  with  two 
circuits,  and  these  circuits  are  connected  to  a  two-phase  alternator  so 
as  to  produce  a  rotating  field  in  the  interior  of  the  core.  We  may 
regard  this  rotating  field  as  produced  by  the  slow  movement  roimd 
the  ring  of  a  series  of  magnetic  poles.  Owing  to  the  hysteresis  of  the 
iron,  the  induction  in  the  core  lags  behind  the  magnetizing  force. 
The  ring  is  wound  over  in  addition  with  a  solenoidal  vdnding  which 
is  in  connection  through  an  air  core  transformer  with  the  receiving 
aerial.  When  oscillations  are  set  up  in  the  aerial  by  the  impact  of 
electric  waves,  the  induced  oscillations  travel  round  the  iron,  annul 
its  hysteresis,  and  the  induction  in  the  core  makes  a  sudden  move- 
ment up  into  step  vnth  the  magnetic  force.  The  interior  of  the  ring 
is  surrounded  by  two  coils  at  right  angles  to  one  another,  which 
are  connected  with  the  windings  of  a  magnetic  telephone,  small 
condensers  being  interposed.  The  slow  movement  of  the  flux  travel- 
ling round  the  space  does  not  therefore  affect  the  telephone,  but  any 
sudden  movement  due  to  oscillations  occurring  in  the  demagnetizing 
coil  causes  a  sound  in  the  telephone,  hence  the  arrangement  serves  to 
detect  oscillations  in  the  aerial,  and  therefore  waves  falling  upon  it. 

No.  752,894,  applied  for  December  29, 1902. — In  this  specification  the  patentee 
describes  a  form  of  receiving  arrangement  which  is  not  affected  by  individual 
oscillations,  but  only  by  groups  of  oscillations,  with  the  object  of  obtaining  an 
arrangement  insensitive  to  stray  or  undesirable  waves,  but  only  affected  by  groups 
of  waves  sent  out  at  regular  intervals  from  a  station  intended  to  be  in  svntony 
with  that  particular,  receiver.  Very  much  the  same  device  had  previously  been 
described  by  Blondel. 

No.  780,758,  applied  for  April  9,  1903.— This  specification  relates  to  improve- 
ments in  the  apparatus  described  in  the  United  States  patents,  Nos.  706,785, 
706,786,  706,737,  706,747,  and  727,825.  It  has  reference  to  methods  for  producing 
continuous  trains  of  electric  waves  by  means  of  alternators  or  continuous  current 
dynamos.  In  the  particular  arrangement  described  in  this  specification,  the 
patentee  proposes  to  pass  the  current  from  a  continuous  current  dynamo  through 
a  high  resistance,  and  to  charge  by  means  of  it  some  condenser  to  a  sparking  poten- 
tial. Since  the  condenser  takes  time  to  charge  through  the  resistance,  it  rises  up  to 
a  certain  potential  and  then  discharges  again.  The  discharge  of  the  condenser 
sets  up  oscillations  in  an  associated  aerial  wire.  The  patentee  takes  pains  to 
prove  that  this  arrangement  was  not  anticipated  in  the  United  States  patent,  No. 


«»  The  equivalent  British  patent  is  No.  17,703,  of  August  12,  1902. 

«*  The  equivalent  British  specification  is  No.  26,558,  of  December  2,  1902. 
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550,680,  granted  to  Elihu  Thomson.  Although  this  method  has  heen  suggested 
by  several  other  patentees,  the  writer  is  not  aware  that  it  has  ever  been  actually 
put  into  practice. 

No.  731,026,  applied  for  May  4,  1903. — This  specification  covers 
forms  of  liquid  barretter,  of  the  type  previously  described  in  the 
United  States  patent,  No.  706,744,  granted  to  R.  A.  Fessenden, 
August  12,  1902.  The  patentee  describes  five  or  six  methods  for 
constructing  a  liquid  resistance  which  changes  its  resistance  under 
the  action  of  electric  oscillations.  He  finds  that  a  liquid,  such  as 
dilute  sulphuric  acid,  is  preferable  to  a  fine  wire  made  of  platinum, 
since  the  change  in  resistance  of  platinum  is  only  about  0*33  per  cent, 
per  degree  Centigrade,  whereas  the  change  in  resistance  of  the  dilute 
sulphuric  acid  may  be  as  much  as  12  per  cent,  per  degree  Centigrade. 
He  gives  several  methods  for  forming  a  lupiid  han^etter^  to  which 
reference  has  already  been  made.  The  one  to  which  preference  is 
given  consists  of  a  very  fine  platinum  wire  immersed  to  a  small 
depth  in  nitric  acid,  the  thin  platinum  wire  being  prepared  by  the 
Wollaston  process,  and  the  silver  dissolved  off  to  the  required  extent 
by  immersing  the  compound  wire  in  the  nitric  acid. 

As  has  already  been  pointed  out,  the  action  of  this  liquid  barretter, 
which  Fessenden  asserts  is  due  to  a  thermal  action,  may  be  explained 
as  due  to  an  annulment  of  the  electrolytic  polarization  by  the  electric 
oscillations. 

No.  12,115,  reissued  letters  patent,  corresponding  to  No.  727,331,  dated  May 
5,  1903. — This  is  a  reissued  United  States  patent  which  refers  to  the  above- 
described  liquid  barretter. 

No.  754,058,  applied  for  August  8,  1903.— The  patentee  here  describes  the 
application  of  a  steam  turbine  coupled  direct  to  an  alternator  for  the  purpose  of 
obtaining  very  high  frequency  alternating  electric  currents,  having  a  frequency, 
say,  of  20,000  per  second,  the  object  being  to  employ  such  high  frequency  alter- 
nating currents  directly  in  connection  with  an  aerial  for  the  production  of  electric 
waves.  We  have,  however,  seen  in  Chapter  I.  of  this  treatise  that  there  is  very  great 
difficulty  in  constructing  such  high  frequency  alternators  of  any  considerable  size. 

No.  763,864,  applied  for  October  1,  1903.— This  specification  covers  a  horizontal 
aerial  coupled  through  an  inductance  coil  with  a  pair  of  spark  balls,  the  lower 
spark  ball  l>eing  on  the  summit  of  a  conical  metal  structure,  the  object  of  Whioh 
is  to  project  the  waves  in  a  horizontal  direction. 

No.  12,1%  dated  November  10,  1903.— This  is  a  reissued  letters  patent  corre- 
sponding to  the  original  706,787,  dated  August  12, 1902,  for  an  aerial  of  large 
capacity  intended  to  be  made  an  electric  wave  radiator  by  connecting  it  directly 
with  a  high'  frequency  alternator,  as  already  described  in  the  original. 

No.  12,169,  dated  November  10,  1903.— This  is  a  second  reissued  letters  patent 
referring  to  the  original,  No.  706,787,  dated  August  12, 1902,  and  covers  the  same 
ground. 

10.  Patents  of  Dr.  Lee  de  Forest  in  connection  with  Wireless 
Tele^aphy.  1900  to  1905.— Another  active  worker  who  has  been 
granted  numerous  patents  in  the  United  States  and  other  countries  for 
inventions  connected  with  wireless  telegraphy  is  Dr.  Lee  de  Forest. 
We  shall  briefly  abstract  the  subject-matter  of  his  chief  United  States 
patent  specifications,  and  more  fully  refer  to  the  contents  of  some  of 
them  elsewhere.  They  cover  detailed  descriptions  of  various  forms 
of  electrolytic  and  magnetic  wave  detector,  also  devices  proposed  for 
affecting  syntonic  telegraphy,  for  determining  the  distance  and  location 
of  sending  stations,  for  various  forms  of  aerials  intended  to  secure 


THE  DEVELOPMENT  OF  ELECTRIC  WAVE  TELEGRAPHY   517 

immunity  of  a  receiving  circuit  from  influence  by  vagrant  electric 
waves  and  othe|:  appliances  for  practical  working  of  wireless  telegraph 
stations. 

No.  716,203,  applied  for  September  1,  1900.— This  patent, 
granted  to  Lee  de  Forest  and  E.  H.  Smythe,  is  for  a  ''variable 
resistance  "  material  applicable  as  a  wave  detector,  consisting  of  two 
metalhc  plates  placed  in  a  vessel  containing  a  liquid.  Water  is  stated 
to  be  "perfectly  satisfactory*"  as  the  liquid,  and  the  best  results  are 
said  to  be  obtained  when  some  porous  material  is  interposed  between 
the  electrodes.  The  cell  has  its  electrodes  connected  through  two 
choking  coils  with  a  telephone  and  single  voltaic  cell,  and,  further- 
more, one  pole  of  the  electrolytic  cell  is  connected  to  earth  and  the 
other  to  an  aerial.  The  electrodes  in  the  cell  should  be  close  together, 
and  may  have  unequal  surfaces.  It  is  stated  that  the  action  of  electric 
oscillations  on  the  cell  is  to  iticrease  its  resistance.  It  is  referred  to  in 
the  specification  as  a  "  variable  resistance  conductor,"  altering  in  resist- 
ance under  the  action  of  electrical  oscillations  produced  by  electric 
waves  falling  on  the  aerial,  but  self-restoring.  The  sudden  change  in 
its  resistance  varies  the  current  of  the  cell  passing  through  the  tele- 
phone, and  hence  creates  an  audible  signal.  The  application  of  the 
arrangement  as  a  receiver  in  wireless  telegraphy  involves  the  use  of 
the  Marconi  aerial  wire,  earth  connection,  and  choking  coils.  If  it 
is  a  fact  that  the  action  of  electric  oscillations  is  to  inci'eoM  the  resist- 
ance of  such  a  cell,  then  it  differs  strikingly  from  other  forms  of 
electrolytic  polarization  cell,  for  in  these  last  the  action  of  electric 
oscillations  reduces  the  effective  resistance  of  the  electrolyte  by 
annulling  in  part  or  entirely  the  polarization  of  the  electrodes,  and  so 
reducing  the  effective  resistance  of  the  cell. 

No.  716,000,  apphed  for  July  5,  1901. — Contains  a  description  of 
another  form  of  variable  resistance  wave  detector.  A  glass  or  ebonite 
tube  has  in  it  two  plugs,  one  of  which  is  capable  of  being  advanced  by 
a  screw,  so  that  the  interspace  between  the  two  plugs  can  be  made  a 
small  fraction  of  an  inch.  Between  these  electrodes  is  placed  an 
electrolyte  consisting  of  glycerine  or  oils,  mixed  with  oxide  of  lead 
(litharge),  and  a  small  quantity  of  water  or  alcohol,  mixed  with 
metalhc  powders,  preferably  tin,  silver,  or  nickel.  Sometimes  the 
ends  of  the  plugs  are  made  cup-shaped,  and  the  cups  filled  with  a 
mixture  of  oxide  of  lead  and  glycerine.  This  electrolytic  cell  is  placed 
in  series  with  a  voltaic  cell  and  a  telephone  or  other  telegraphic  instru- 
ment, choking  coils  being  interposed.  The  cell  is  also  connected  by 
one  terminal  to  an  aerial  and  the  other  to  the  earth.  The  operation 
of  the  battery  current  is  to  electrolyze  the  mixture,  and  form  chains  of 
metallic  particles,  whilst  the  action  of  an  electric  oscillation  passing 
through  the  cell  is  to  break  up  the  chain  of  particles  and  so  suddenly 
increase  the  resistance  of  the  cell.  Hence  a  hstener  at  the  telephone 
hears  a  sudden  cUck  of  the  telephone  due  to  the  decrease  in  the  ciir- 
rent  passing  through  the  cell,  and  as  soon  as  the  oscillations  cease  the 
chain  of  metallic  particles  is  instantaneously  reconstructed,  and  the 
resistance  of  the  cell  again  falls.  A  train  of  electric  waves  falling  on 
the  aerial  produces,  therefore,  a  continuous  sound  in  the  telephone, 
and  audible  signals  can  be  made,  equivalent  to  the  dot  and  dash  of  the 
Morse  alphabet. 
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The  cymoscope  is  said  to  be  capable  of  working  very  quickly,  and 
is  entirely  self -restoring. 

No.  716,334,  dated  December  16, 1902. — This  specification  is  merely  a  division 
of  the  previous  specification  applied  for  on  July  5, 1901. 

No.  720,566,  applied  for  March  6, 1901.— This  specification  describes  a  form  of 
duplex  aerial  consisting  of  two  aerials  of  the  Slaby  type,  having  lateral  connect 
tions  at  some  point  just  above  the  ground.  The  ends  of  these  two  lateral  wires 
are  connected  to  the  terminals  of  an  electrolytic  receiver.  The  length  of  the  two 
lateral  wires  is  so  adjusted  that  the  phases  of  potential  at  their  open  ends  differs 
by  180  degrees. 

The  same  specification  also  covers  a  description  of  a  closed  loop  receiving  aerial. 

The  advantage  of  the  double  aerial  is  stated  to  be  that  by  rotating  the  system 
of  antennae  round  a  vertical  axis  the  variation  in  its  sensibility  enables  the  direc- 
tion of  the  arriving  wave  front  to  be  determined,  and  hence  that  of  the  radiant 
point. 

On  comparing  this  U.S.A.  specification  with  that  of  J.  S.  Stone,  No.  716,134, 
applied  for  Januarv  28, 1901,  it  will  be  seen  that  the  latter  patentee  had  previously 
described  a  somewhat  similar  plan  for  locating  the  direction  of  the  sending  station 
by  the  use  of  double  or  looped  aerials. 

No.  780,246,  applied  for  March  8, 1902.— This  long  specification,  with  fifty, 
three  claims,  includes  a  description  of  an  application  of  the  so-called  Lecher 
wires  as  part  of  a  receiving  circuit.  An  aeriid.  receiving  wire  is  interrupted  at 
some  point  near  the  ground  and  two  lateral  insulated  wires  inserted.  These  wires 
may  he  twisted  together  and  contained  in  a  box  of  oil.  If  the  len^h  of  the  wires 
is  adjusted  with  reference  to  the  frequency  of  the  electric  waves  incident  on  the 
aerial,  then  stationary  electric  waves  are  set  up  in  these  wires  with  loops  and 
nodes  of  potential  at  regular  intervals.  Any  wave-detecting  potential-actuated 
device,  such  as  a  coherer,  can  be  placed  across  the  two  wires  as  a  bridge  at  an 
antinode  of  potential,  whilst  any  current-actuated  device  can  be  placed  in  the 
run  of  one  of  the  wires  at  an  antinode  of  current.  The  object  of  the  arrangement 
is  to  construct  a  receiving  aerial  which  will  be  insensitive  to  an  aperiodic  or  soli- 
tary electric  wave,  but  responsive  to  a  train  of  electric  waves  having  some  definite 
assigned  period.    Further  details  will  be  considered  in  the  next  chapter. 

No.  780,247,  applied  for  November  4,  1902.— This  is  another  specification 
covering  a  receiving  aerial  in  which  Lecher  wires  are  employed,  twisted  together 
as  a  resonant  system,  sensitive  only  to  waves  of  a  certain  definite  period.  A 
potential-actuated  cymoscope  is  placed  at  the  open  end  of  the  parallel  wires  at  a 
potential  loop,  and  also  connected  through  choking  coils  and  a  single  voltaic  cell 
with  a  telephone  as  a  detecting  device. 

No.  780,819,  dated  June  9, 1903. — ^This  is  a  sub-division  of  the  previous  patent. 

No.  749,181,  dated  January  5,  1904. — This  is  a  division  and  a  reissue  of  patent 
No.  720,568,  applied  for  March  6, 1901,  and  refers  to  forms  of  antennas  intended 
to  give  direction  to  the  radiation,  and  also  to  enable  the  direction  of  the  radiant 
point  to  be  determined.  The  radiator  comprises<two  antennae,  one  horizontal  and 
one  vertical,  connected  to  spark  balls,  and  the  radiation  is  said  to  be  concentrated 
in  the  plane  of  these  antennae. 

No.  748,597,  applied  for  December  24,  1902. — In  this  specification  the  patentee 
proposes  to  surround  a  single  vertical  sending  aerial  with  a  number  of  other  aerials 
arranged  on  a  parabolic  line,  of  which  the  first  aerial  is  in  the  focus.  Each  aerial 
may  be  provided  with  its  own  spark  balls,  the  object  of  this  arrangement  being 
to  act  as  a  reflecting  surface  and  direct  a  beam  of  radiation  in  any  direction.  In 
the  absence  of  specific  information  as  to  performance ;  it  is  impossible  to  estimate 
the  practical  value  of  such  a  device. 

No.  770,228,  applied  for  December  24,  1902.— This  patent  is  for  a  contact 
cymoscope  consisting  of  steel  and  aluminium  surfaces  held  lightly  in  contact  with 
a  spring.  The  patentee  states  that  such  an  arrangement  is  self-decohering.  It 
belongs  to  the  type  of  microphonic  receivers,  which  fall  but  slightly  in  resistance 
on  the  passage  of  an  electric  oscillation  through  the  contact,  and  are  therefore 
suitable  for  use  with  a  telephone  and  local  cell.  If  the  pressure  at  the  imperfect 
contact  is  light  and  properly  adjusted,  the  cymoscope  is  self-restoring  and  requires 
no  tapping. 

No.  749,178,  applied  for  March  6, 1908.— Conteins  a  description  of  a  Morse 
signalling  key  with  the  contacts  working  under  oil  and  imder  some  circumstances, 
a  magnetic  blow-out  being  employed  if  necessary. 


THE  DEVELOPMENT  OF  ELECTRIC  WAVE  TELEGRAPHY   519 

No.  750,216,  applied  for  May  14,  1902.— This  speoifioation  describes  a  number 
of  arrangements  of  transmitting  and  receiving  aerials  for  syntonic  telegraphy,  in 
which  the  Lecher  condaotors  are  employed  as  the  resonant  system. 

No.  770,229,  applied  for  March  14,  1902. — This  specification  covers  arrange- 
ments for  receiving  aerials  which  are  intended  to  be  impregnable  against  the 
attacks  of  solitary  waves  or  aperiodic  electromagnetic  disturbances,  but  easily 
influenced  by  periodic  trains  of  electric  waves  of  suitable  period.  Descriptions 
in  this  specification,  however,  do  not  give  any  sufficient  proof  of  the  actual  and 
practical  value  of  such  arraxigements. 

No.  749,434,  applied  for  June  4,  1908.— This  specification  contains  a  descrip- 
tion of  a  combination  of  sending  and  receiving  apparatus  by  which  messages  are 
to  be  sent  and  received  simultaneously  at  the  same  station.  A  revolving  com- 
mutator cuts  the  connection  between  the  actual  wave  detector  or  cymoscope  and 
the  aerial  at  the  moment  when  the  spark  happens.  The  patentee  proposes  to 
employ  a  wave  detector  which  is  not  injured  ^r  se  by  strong  impulses  from  a 
spark  near  by,  such  as  a  Rutherford  magnetic  detector  or  other  self-restoring 
wave  indicator. 

No.  749,871,  applied  for  June  4,  1908. — Comprises  an  application  of  a  mag- 
netic telegraphic  wave  detector,  similar  in  principle  to  that  of  Marconi,  to  syntonic 
receiving  apparatus,  such  that  electric  waves  or  impulses  differing  from  those 
which  the  apparatus  is  designed  to  detect  will  not  affect  it. 

His  method  is  to  construct  a  differential  magnetic  detector  with  two  oppositely 
wound  coils,  one  in  connection  with  a  simple  aerial  and  the  other  in  connection 
with  an  aerial  with  a  resonant  Lecher  system  of  wires  attached  to  it,  so  that  it  is 
syntonic.  The  idea  is  that  irregular  electromagnetic  impulses  will  affect  both 
aerials  equally,  and  therefore  produce  no  effect  on  the  magnetic  detector,  whilst 
the  syntonic  trains  of  waves  will  chiefly  affect  one  aerial  alone. 

No.  749,872,  applied  for  June  4, 1908. — For  a  method  of  wireless  telegraph 
signalling,  based  upon  the  radiation  of  a  continuous  series  of  high  frequency 
electric  waves  having  a  spark  frequency  varied  in  a  predetermined  cycle,  producing 
manifestations,  and  by  means  of  them  producing,  at  the  receiving  station,  signals 
which  vary  in  accordance  with  the  variations  of  spark  frequency. 

No.  749,485,  applied  for  June  17,  1908.— This  is  a  specification  claiming  an 
arrangement  for  a  wireless  telegraph  transmitting  station,  comprising  a  gas  or 
oil  engine,  an  alternator,  a  transformer,  an  extra  high-tension  transformer,  two 
choking  coils,  condensers,  an  aerial  wire,  and  earth  connection.  Precisely  similar 
arrangements  had  been  erected  and  employed  by  the  Author  of  this  treatise  two 
or  three  years  previously ;  power  plant  for  creating  electric  waves  involving  the 
use  of  gas  engines  or  oil  engines,  and  high  tension  transformers  having  been  in 
use  for  several  vears  past  at  University  Colleg:e,  London.  Also  plant  erected  in 
other  places  to  the  designs  of  the  Author,  in  which  gas  or  oil  engines,  alternators, 
high  tension  transformers,  condensers,  and  oscillation  transformers  had  for  long 
been  employed. 

No.  749,486,  dated  June  17,  1908.— This  specification  covers  a  device  in  the 
form  of  a  rheostat  to  be  inserted  in  the  circuit  of  the  aerial  at  the  receiving  station 
for  indicating  the  distance  of  the  sending  station.  The  practical  value  cannot  be 
judged  from  the  specification. 

No.  758,517,  applied  for  September  21,  1908. — ^This  specification  covers  other 
devices  intended  to*  enable  the  distance  of  a  sending  wireless  station  to  be  deter- 
mined by  measuring  the  amount  of  damping  or  choking  required  to  reduce  by  a 
regulated  amount  the  signals  being  received.  Seeing,  however,  that  the -intensity 
of  electromagnetic  waves  arriving  at  a  receiving  station  depends  upon  the  state  of 
the  atmosphere  as  regards  ionization  due  to  sunlight  and  atmospheric  electrical 
conditions,  also  on  the  surface  over  which  the  waves  travel,  it  is  doubtful  if  such 
devices  have  much  practical  value. 

No.  750,180,  applied  for  June  17, 1908.— The  patentee  here  describes  a  method 
of  starting  into  existence  the  oscillations  in  an  electric  wave  producing  radiator  of 
the  ordinary  type,  which  consists  in  placing  the  spark  balls  at  a  distance  just  too 
great  to  permit  the  discharge  of  the  induction  coil  or  transformer  to  pass,  and 
then  starting  the  discharge  of  the  condenser  into  operation  by  throwing  upon  the 
spark  either  ultraviolet  light,  or  else  discharging  near  them  a  small  pilot  spark, 
which  serves  the  same  purpose. 

No.  771,818,  applied  for  May  28, 1904. ^This  specification  describes  a  form  of 
aerial  consisting  of  a  grid  in  connection  with  an  electrolytic  receiver.  The  grid 
is  capable  of  being  turned  round  a  vertical  axis  into  various  positions,  and  the 
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maximum  indication  is  given  by  the  receiving  instrument  when  the  screen  or  grid 
is  broadside  on  to  the  direction  of  the  waves.  It  is  then  stated  that  the  grid  wiU 
collect  the  largest  amount  of  electromagnetic  energy,  and  the  patentee  says  that 
with  the  collecting  screen  6  feet  high  and  15  feet  wide  he  has  been  able  to  locate 
with  certainty  the  position  of  a  transmitting  station  7  miles  distant  within  10 
degrees  of  azimuth. 

No.  771,819,  applied  for  May  28,  1904.— In  this  specification  the  patentee 
describes  apparatus  intended  to  localize  or  determine  the  direction  of  the  sendlog 
station.  The  receiving  antenna  is  to  be  horizontal,  and  connected  at  one  end 
through  a  wave-detecting  device  to  the  earth.  This  antenna  is  to  be  pivoted  at 
the  earthed  end,  so  as  to  be  capable  of  being  swung  round  into  various  directions, 
and  the  response  of  the  wave-detecting  device  will  be  greatest  when  the  free  end  of 
the  antenna  points  in  the  direction' of  travel  of  the  waves.  This  receiving  antenna 
is  described  as  being  short,  compared  with  a  quarter  of  the  length  of  the  received 
waves.  A  closed-loop  receiving  antenna  is  also  described,  formed  of  a  long, 
narrow,  rectangular  circuit,  of  which  the  vertical  sides  are  the  shorter ;  and  this 
is  to  be  capable  of  being  swung  round  a  vertical  axis  into  various  azimuths. 

No.  771,820,  applied  for  June  8, 1904. — This  specification  describes  the  inser- 
tion of  two  choking  coils  in  the  circuit  of  an  alternator,  used  in  a  transmitting 
station  for  preventing  electrical  oscillations  from  getting  back  into  the  alternator 
armature.  The  device  was  employed  by  the  Author  more  than  three  years  pre- 
viously, and  is  an  obvious  application  of  the  power  of  an  inductance  to  resist  the 
passage  of  a  high  frequency  current. 

No.  772,878,  applied  for  June  20, 1908. — This  specification  describes  a  magnetic 
detector  with  divided  iron  core,  similar  to  the  one  previously  described  by  the 
Author  in  a  paper  to  the  Royal  Society,  entitled,  '*  A  Note  on  a  Form  of  Magnetic 
Detector  for  Hertzian  Waves  adapted  for  Quantitative  Work."  See  Proc,  Boy, 
Soc.  Lond.,  1903,  vol.  71,  p.  898,  sent  in  February  11, 1908. 

No.  772,879,  dated  October  18,  1904.— This  is  a  divided  portion  of  the  patent 
749,484,  applied  for  June  4, 1903. 

11.  Patents  of  Dr.  John  Stone  Stone  for  Electric  Wave 
Wireless  Telegraphy.— The  United  States  patents  for  electric  wave 
telegraphy  granted  to  Dr.  J.  S.  Stone,  together  with  their  equivalents 
in  other  countries,  form  a  very  voluminous  contribution  to  the  patent 
literature  of  the  subject.  More  than  seventy  United  States  patents 
have  been  granted  to  this  patentee  alone.  In  many  cases  these  specifi- 
cations are  learned  contributions  to  the  literature  of  the  subject,  filled 
with  valuable  references  to  other  sources  of  information. 

A  complete  analysis  of  Stone's  specifications  would  occupy  too 
much  space.  Broadly  speaking,  they  may  be  divided  into  four 
classes — 

(i.)  Those  concerned  with  proposed  methods  for  the  achievement 
of  syntonic  telegraphy,  or  the  isolation  of  receiving  stations  or  pro- 
tection of  receivers  from  the  action  of  vagrant  waves. 

(ii.)  Those  describing  forms  of  wave  detector  or  cymoscope. 

(iii.)  Those  covering  the  construction  of  various  forms  of  trans- 
mitting and  receiving  circuit,  and  the  production  of  continuous  trains 
of  waves. 

(iv.)  Miscellaneous  specifications  covering  devices  proposed  for 
localizing  the  direction  of  the  arriving  waves  and  other  matters. 

We  shall  briefly  refer  to  the  contents  of  his  chief  specifications : — 

No.  714,756,  apphed  for  February  8,  1900;  also  No.  714,831,  a 
divided  portion  of  the  above,  applied  for  January  23,  1901. 

The  patentee  describes  in  these  specifications  the  inductive  coup* 
ling  of  an  aerial  and  closed  oscillation  circuit  by  the  use  of  an 
oscillation  transformer,  and  in  some  cases  he  interposes  one  or  more 
closed  oscillation  circuits  between  the  aerial  and  the  spark  circuit  or 


THE  DEVELOPMENT  OF  ELECTRIC  WAVE  TELEGRAPHY   521 

final  receiving  circuit.  Stone  was  evidently  well  aware  at  the  date  of 
his  application  that  in  the  case  of  inductively  coupled  circuits,  oscilla- 
tions of  two  periods  are  created  in  the  secondary  circuit,  which  differ 
in  period  from  each  other,  and  from  the  free  or  natural  time  period  of 
the  circuit  taken  alone. 

Taking  the  transmitting  circuit  first,  the  patentee  states  that  his 
ohject  is  to  create  in  the  aerial  forced  oscillations  of  a  single  frequency, 
which  may  with  advantage  be  the  natural  frequency  of  the  aerial. 
This  he  suggests  may  be  done  by  coupling  the  aerial  inductively  with 
another  closed  oscillation  circuit  containing  an  adjustable  inductance, 
and  then  again  coupling  this  last  closed  cu'cuit  with  another  in  which 
there  is  a  spark  gap,  so  that  oscillations  are  generated  in  the  last 
circuit  by  the  discharge  of  a  condenser.  There  are  no  numerical 
instances  in  the  specification,  and  it  is  not  at  all  clear  from  it  how 
the  user  is  to  proceed  to  adjust  the  inductances  and  capacities 'of  the 
circuits  so  as  to  secure  the  desired  result.  In  the  same  manner  the 
receiving  circuit  is  to  consist  of  a  number  of  inductively  connected 
circuits  in  resonance  with  each  other,  the  object  of  which  is  to  facihtate 
the  transmission  to  the  cymoscope  of  oscillations  having  that  definite 
period,  but  to  prevent  stray  or  vagrant  waves  of  other  period  from 
aifecting  it. 

No.  12,149  is  a  reissue  of  the  above  specification  (No.  714,831), 
dated  August  25,  1903.     Application  for  reissue  filed  July  22,  1903. 

The  two  above-mentioned  speoifications  should  be  read  in  connection  with 
the  following  United  States  patents  of  Stone,  which  are  closely  connected  with 
them : — 

No.  714,882,  applied  for  January  28, 1901. 

No.  12,151,  a  reissue  of  the  above,  dated  September  8, 1908. 

No.  714,888,  applied  for  January  28, 1901. 

No.  12,152,  a  reissue  of  the  preceding  patent,  dated  September  8, 1908. 

No.  714,834,  applied  for  August  8,  1902. 

No.  12,141,  a  reissue  of  the  preceding  patent,  dated  August  4, 1908. 

No.  767,975,  applied  for  November  24,  1903. 

No.  767,976,  applied  for  November  24, 1908. 

No.  767,984,  applied  for  November  25,  1908. 

No.  767,989,  applied  for  December  19,  1903. 

No.  767,990,  applied  for  December  19, 1908. 

The  two  last  are  a  divided  application  of  the  patent  No.  767,684,  of  November 
25,1908. 

All  these  specifications  cover  in  various  ways  the  inductive  coup- 
ling of  an  aerial  with  the  nearly  closed  oscillation-producing  circuit 
which  contains  a  spark  gap.  The  invention  which  they  purport  to 
protect  is  the  production  of  oscillations  in  an  aerial  earthed  at  the 
lower  end  and  insulated  at  the  upper  end  in  such  fashion  that  "  forced 
oscillations  of  a  single  period  "  are  created  in  this  aerial.  Stone  pro- 
poses to  do  this,  in  the  first  place,  by  inserting  in  the  nearly  closed 
oscillations  circuit  containing  the  spark  gap  a  large  inductance,  so  as 
to  swamp  the  effect  of  the  mutual  inductance  of  the  two  circuits  in 
generating  oscillations  of  two  different  frequencies  in  the  secondary 
circuit.  We  have  already  explained  that  if  L  and  N  are  the  two 
separate  inductances  of  two  circuits  inductively  connected  together 
with  a  coefficient  of  mutual  inductance,  M,  then  the  reaction  between 

M 
the  circuits  depends  on  the  coefficient  of  coupling    jr^-    Hence 
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we  oan  make  this  quantity  small  either  by  deoreasing  M  or  by  increas- 
ing L. 

The  object  the  patentee  has  in  view  is  the  radiation  of  waves  of 
one  single  frequency  of  simple  harmonic  form,  and  his  proposed 
means  of  achieving  this  consists  in  reducing  the  reaction  of  the  open 
circuit  on  the  closed  energy-storing  oscillation  circuit  by  making  tlie 
inductive  coupling  "loose,"  or  else  by  inserting  inductance  in  the 
closed  circuit  and  producing  a  forced  oscillation  in  the  aerial,  which 
has  a  period  dependent  on  the  constant  of  the  closed  circuit,  but  not 
those  of  the  aerial  itself. 

In  the  specification  (U.S.A.)  No.  767,976,  of  November  24, 1903, 
Stone  explains  at  some  length  wherein  he  thinks  his  mode  of  inductive 
coupling  differs  from  that  of  Marconi,  as  described  in  the  latter's 
British  patent.  No.  7777,  of  April  26,  1900. 

No.  767,979,  applied  for  November  24,  1908.— This  ia  for  the  production  of 
"  forced  oscillations  "  in  an  aerial  consisting  of  a  plurality  of  wires. 

It  is  difficult  to  understand  how  it  is  that  the  United  States  Patent  Office 
grants  patents  (popularly  supposed  to  be  after  careful  search  for  anticipations)  for 
such  obvious  combinations  of  ancient  elements.  At  the  date  of  this  specification 
Marconi  had  employed  multiple  aerials  of  various  forms  for  several  years,  and  the 
production  of  forced  oscillations  in  them  is  an  obvious  application  of  existing 
knowledge. 

In  the  next  place  we  come  to  four  specifications : — 

No.  767,986,  applied  for  November  25,  1908. 

No.  767,988,  applied  for  December  8, 1908. 

No.  767,998,  applied  for  February  16, 1904. 

No.  767,999,  applied  for  February  15, 1904. 

The  last  three  being  divided  applications  of  the  first  named. 

These  specifications  include  numerous  claims  for  employing  large  elevated 
horizontal  plates  as  antennae.  Having  regard  to  the  fact  that  Marconi,  in  his 
first  British  patent  specification,  in  1896,  had  described  the  use  of  elevated  plates,  or 
cylinders,  and  insulated  conductors,  generally  used  as  aerials  or  radiators  in  electric- 
wave  telegraphy,  it  is  difficult  to  see  that  any  novelty  can  be  considered  to  attach 
to  the  claims  for  these  arrangements  in  the  specifications  numbered  above. 

No.  767,988,  applied  for  November  25,  1908. — This  specification  covers  a 
method  proposed  for  producing  continuous  trains  of  electric  waves.  It  appears 
to  consist  in  the  use  of  a  battery  of  high  resistance,  associated  with  a  spark  gap 
and  inductively  coupled  to  an  aerial. 

No.  767,993,  dated  August  16,  1904.— Is  a  divided  application  of  the  above 
specification. 

No.  716,134,  applied  for  January  28, 1901 ;  No.  12,148,  a  reissued  patent  corre- 
sponding to  No.  716,184,  dated  August  18, 1908 ;  No.  716,185,  applied  for  January 
28, 1901. — These  three  specifications  disclose  a  method  for  locating  the  direction 
of  the  sending  station  or  source  of  the  electric  waves  which  consists  in  employing 
at  the  receiving  station  two  aerials  placed  at  one  half  of  a  wave  length  apart. 
These  are  capable  of  being  rotated  in  azimuth  and  are  connected  to  one  receiver, 
so  that  if  oscillations  are  created  in  the  aerials,  differing  in  phase  by  180  degrees,  the 
cymoscope  is  not  affected.  This  device  may  look  well  on  paper,  but  the  weak 
point  in  it  is  that  it  could  not  be  effective  with  solitary  or  aperiodic  waves  nor 
with  short  highly  damped  trains  of  waves. 

It  is  based  on  the  assumption  that  equal  and  opposite  oscillations  can  be 
generated  at  the  same  time  in  the  two  aerials,  and  also  upon  the  use  of  a  relatively 
short  wave.  It  could  hardly  be  employed  with  waves  having  a  length  of  1000  feet 
or  more.  It  presupposes  the  use  of  very  long  slightly  damped  trains  of  electric 
waves  of  wave  lengths  not  exceeding  200  or  30O  feet. 

Nos.  717,511,  717,512,  application  of  January  28, 1901.— These  two  specifica- 
tions cover  the  description  of  a  proposed  method  for  increasing  the  time  period  of 
oscillation  of  an  aerial  by  clothing  it  with  a  dielectric  sheatn  which  may  have 
embedded  in  it  ferromagnetic  material  in  a  state  of  powder.  Unless  the  dielec- 
tric  sheath  was  enormously  thick  it  would  not  have  much  effect,  and  the 
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magnetio  hysteresis  of  the  ferromagnetic  powder  would  prohably  assist  in  greatly 
damping  the  oscillations.  Very  much  the  same  idea  was  subsequently  placed  in 
other  patent  specifications  by  B.  A.  Fessenden. 

No.  768,000,  applied  for  February  28,  1904.— This  covers  a  form  of  multiple 
spark  ball  discharger  placed  in  a  box  in  which  air  or  other  gases  may  be  compressed. 

No.  768,004,  applied  for  April  11, 1904.— This  specification  describes  numerous 
forms  of  aerial  in  which  the  spark  gap  is  short-circuited  either  by  a  condenser 
or  by  a  condenser  in  series  with  inductance.  The  patentee  gives  a  useful  and 
extensive  series  of  references  to  the  literature  of  the  subject,  and  states  that  the 
use  of  a  condenser  shunting  a  spark  gap  was  first  used  by  Blondlot. 

We  then  reach  a  group  of  specifications  by  Stone  which  are 
chiefly  concerned  with  thermal  and  electrolytic  receivers,  the  thermal 
receivers  being  in  some  cases  bolometer  detectors ;  that  is,  dependent 
on  the  heating  effect  of  an  electric  oscillation  on  a  very  fine  wire,  and 
in  other  cases  on  the  use  of  thermoelectric  couples. 

These  specifications  of  Stone  are  full  of  usef-ul  references  to  original 
papers  on  the  bolometer  and  kindred  subjects,  and  are,  in  fact,  a 
learned  exposition  of  the  whole  subject. 

The  principal  specifications  are  as  follows : — 

No.  767,971,  applied  for  August  11, 1902.— This  deals  with  the  construction  of 
a  bolometer  detector  made  with  fine  wire.  The  patentee  describes  the  advantages 
of  bismuth  wire  in  place  of  iron  or  platinum.  He  gives  copious  references  to  the 
literature  of  the  bolometer  and  to  the  form  of  oscillation  bolometer  used  by 
Kubens  and  Bitter  (which  he  adopts}  and  others.  The  arrangements  are,  in  fact, 
the  combination  of  a  Bubens  and  Bitter  bolometer  with  an  aerial  receiver  and 
earth  connection. 

No.  767,972,  applied  for  September  10, 1902.—This  is  a  divided  application  of 
the  patent  No.  767,971. 

No.  767,980,  applied  for  November  6,  1903.— This  specification  also  contains 
very  useful  notes  on  the  bolometer,  but  is  principally  concerned  with  the  appli- 
cation of  a  bolometer  detector  to  a  duplex  receiving  aerial,  so  arranged  that  by 
rotation  in  different  azimuths  the  direction  of  the  arriving  waves  may  be  deter- 
mined, these  aerials  being  separated  by  a  distance  equal  to  half  a  wave  length 
(see  also  Stone's  U.S.A.  specification,  No.  716,184). 

No.  767,981,  applied  for  November  25,  1903.— Deals  with  a  special  form  of 
bolometer  cymoscope  consisting  of  very  thin  strip  of  gold  leaf,  which  is  cast  into 
paraffin  and  cut  to  the  required  small  size  by  a  microtome.  The  rise  in  tem- 
perature produced  when  electric  oscillations  pass  through  it  is  to  be  detected  by 
its  change  in  resistance.  In  this  specification  very  useful  references  are  given  to 
WoUaston's  original  paper  containing  the  account  of  his  method  of  making  ultra- 
fine  platinum  wire,  and  to  other  books  where  the  process  is  described. 

No.  767,992,  applied  for  January  15, 1904.— This  is  a  divided  application  of  the 
above  patent.  No.  767,981. 

No.  767,985,  applied  for  November  26, 1908.— This  contains  a  description  of  a 
mode  of  manufacturing  a  thermoelectric  pile  of  platinum  and  gold  for  use  as  an 
oscillation  detector. 

No.  767,987,  applied  for  December  8,  1903. — ^This  is  a  divided  application  of 
the  foregoing  patent.  No.  767,985,  for  a  thermoelectric  receiver. 

Nofl.  767,996  and  767,997,  appUed  for  February  15,  1904.— These 
two  specifications  cover  a  form  of  thermal  receiver.  It  consists  of 
a  fine  Wollaston  platinum  silver  wire  with  platinum  core  and  silver 
exterior,  which  just  dips  into  mercury.  The  mercury  dissolves  away 
the  sUver  and  leaves  a  short  length  of  platinum  exposed,  and  since 
mercury  does  not  wet  platinum,  the  patentee  says  that  a  short  length 
of  the  platinum  would  be  exposed  above  the  mercury,  on  account  of 
the  capillary  depression  of  the  mercury.  Its  action  would,  however, 
depend  entirely  upon  the  platinum  wire  not  being  amalgamated,  and 
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it  may  be  doubted  .whether  the  removal  of  the  silver  by  the  mercury 
could  be  effected  completely  without  amalgamating  the  platinum  wire 
as  a  result. 

No.  768,003,  applied  for  April  11, 1904.— In  this  specification  Stone  redescribes 
the  electrolytic  detector  consisting  of  a  fine  WoUaston  platinum  wire  just  dipping 
into  nitric  acid.  He  states  that  the  cell  is  inoperative  unless  the  fine  platinum 
wire  is  made  the  anode.  This,  however,  was  well  known  prior  to  the  date  of 
this  specification.  Stone  appears  to  agree  with  the  opinion  of  Fessenden  that 
the  action  of  the  cell  is  in  part  at  least  thermal,  the  change  in  resistance  heing 
due  to  the  heating  of  the  electrolyte  imder  the  action  of  the  oscillations. 

We  then  come  to  a  group  of  Stone's  specifications  which  have 
reference  to  securing  the  privacy  of  communication  by  electromagnetic 
waves.  The  object  of  these  arrangements  is  to  render  a  particular 
station  receptive  for  waves  only  of  one  frequency,  but  not  receptive 
for  waves  of  other  frequency,  or  of  aperiodic  or  isolation  waves. 

It  is  impossible  to  say  by  simply  reading  these  specifications 
whether  they  describe  real  inventions  which  have  been  practically 
tried  and  found  to  be  successful,  or  whether  they  represent  simply 
anticipatory  opinions. 

In  the  absence  of  definite  information  on  this  point,  it  is  not 
necessary  to  analyze  these  specifications  very  closely.  Three  of  them 
—No.  716,995,  applied  for  January  23,  1901 ;  No.  767,970,  apphed  for 
January  23,  1901 ;  and  No.  768,002,  a  divided  application  referring  to 
an  original  apphed  for  on  November  26,  1902 — refer  to  a  method 
for  localizing  the  direction  of  a  sending  station,  or  rendering  a  receiv- 
ing station  receptive  only  to  waves  coming  from  a  certain  direction. 
They  are  based  on  the  assumption  that  if  two  aerials  are  set  up  at  a 
distance  equal  to  half  a  wave  length  they  will  be  affected  in  a  similar 
manner  by  a  train  of  waves  meeting  them  broadside  on,  but  will  have 
produced  in  them  oscillations  in  opposite  phase  if  subjected  to  the 
action  of  a  wave  train  travelling  in  the  direction  in  the  plane  of  the 
aerials.  It  has  yet  to  be  shown,  however,  that  such  a  principle  can 
be  reduced  to  practice. 

Three  specifications— No.  725,634,  applied  for  January  8,  1908 ;  No.  725,635, 
applied  for  March  12, 1903 ;  and  No.  726,686,  applied  for  March  12,  1903— also 
refer  to  complicated  arrangements  intended  to  isolate  wireless  telegraph  stations. 
The  signals  are  for  the  most  part  transmitted  hy  means  of  punched  paper  tape, 
hut  for  the  elaborate  arrangements  suggested  the  reader  must  be  referred  to  the 
original  specifications. 

Five  other  specifications— No.  767,978,  applied  for  November  24,  1908 ;  No. 
767,991,  applied  for  December  28,  1908  (a  divided  application  of  the  previous  one) ; 
No.  767,932,  applied  for  November  25,  1908 ;  No.  767,994,  applied  for  February 
13,  1904;  No.  767,995,  applied  for  February  13,  1904— all  describe  elaborate 
arrangements,  having  as  their  object  the  isolation  of  wireless  telegraph  stations, 
and  the  remarks  made  with  reference  to  the  previous  group  of  specifications 
apply  to  these  also. 

No.  768,001,  applied  for  February  23,  1904.— This  specification  describes  a 
system  for  selectively  receiving  signals  transmitted  by  waves  of  predetermined 
electrical  frequency  and  predetermined  group  or  wave-train  frequency. 

Several  specifications  have  been  filed  by  Stone,  the  objects  of  which  are  to 
describe  arrangements  intended  to  permit  transmission  and  reception  to  be 
effected  simultaneously  at  one  station ;  that  is  to  say,  to  provide  a  means  by 
which  the  waves  sent  off  from  one  aerial  shall  not  affect  or  prevent  the  reception 
of  other  messages  from  a  distant  station  at  closely  adjacent  aeriala.  Two  such 
specifications  are^ 
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Nos.  716,186  and  716,177,  applied  for  January  28,  1901.— The  arrangement 
proposed  is  a  single  receiving  aerial  set  between  two  transmitting  aerials  so 
arranged  that  these  two  transmitting  aerials  are  traversed  by  electric  oscil- 
lations in  opposite  directions,  and  therefore  nullify  each  other's  effect  upon  the 
adjacent  receiving  aerial.  If,  however,  these  transmitting  aerials  are  placed  at  a 
distance  equal  to  one  wave  length  apart,  each  being  half  a  wave  length  distant  from 
the  single  receiving  aerial  midway  between  them,  their  effects  will  be  combined 
together  at  any  distant  point  lying  in  the  plane  of  the  two  transmitting  aerials. 
The  patentee,  however,  treats  the  subject  as  if  wave  trains  were  continuous  and 
suffered  no  decrement. 

Other  kindred  specifications  are — 

Nos.  717,509,  717,616,  717,618,  717,614,  applied  for  January  23,  1901.— All 
describe  arrangements  by  which  it  is  proposed  to  relay  wireless  telegraph 
messages,  so  that  signals  received  on  an  aerial  may  set  in  operation  apparatus 
which  retransmits  the  messages  from  another  adjacent  transmitting  aerial. 

The  practical  problem  here  involved  is  one  which  has  been  attached  by 
numerous  inventors,  particularly  E.  Guarini,  and  some  have  claimed  that  they 
have  given  a  solution  qi  it,  but  the  Author  is  not  aware  that  any  of  the  proposed 
solutions  suggested  have  reached  the  stage  of  practical  verification. 

No.  767,978,  applied  for  October  80, 1908. — This  specification  is  an  interesting 
treatise  on  the  subject  of  the  propagation  of  electric  waves  from  an  earthed 
aerial.  The  advantages  of  a  good  earth  are  pointed  out,  and  a  number  of 
interesting  diagrams  are  given  in  the  specification.  The  particular  purpose  of 
the  specification  appears  to  be  an  insistence  on  the  advantages  of  a  good  earth 
connection,  already  at  the  date  of  the  specification  a  well-known  fact  and  the 
reasons  for  it  understood. 

No.  767,977,  applied  for  November  24,  1908.— Deals  with  the  advantages  of 
quartz  glass  as  a  dielectric  for  high-tension  condensers,  and  with  the  advantages 
of  a  core  composed  of  a  paramagnetic  substance  for  oscillation  transformers. 

No.  768,00i5  describes  a  tower  or  mast  for  supporting  an  aerial  wire,  the  said 
tower  being  cut  up  into  insulated  sections,  and  the  mast  supported  by  stays  in  the 
same  way,  divided  into  sections  by  insulators.  This  last  method  of  supporting  a 
mast,  as  used  for  a  wireless  telegraph  aerial,  had  been  in  public  use  by  Marconi 
for  some  years  before  the  date  of  this  specification  of  Stone. 

12.  United  States  Specifications  of  H.  Shoemaker  for  Wire- 
less Telegraphy. — Another  extremely  industrious  patentee  in  the 
United  States  in  the  field  of  wireless  telegraphy  is  H.  Shoemaker, 
who  is  accountable  for  more  than  forty  patents  on  the  subject  between 
1901  and  1905.  His  specifications  comprise  chiefly  mechanical  devices 
proposed  for  conducting  multiplex  wireless  telegraphy,  improvements 
in  coherers,  inethods  of  tapping,  various  forms  of  wave  detector 
depending  on  the  microphonic,  electrolytic,  and  magnetic  principles, 
and  sundry  devices  for  improving  the  construction  or  action  of  trans- 
mitters. The  American  genius  shows  itself  especially  in  elaborating 
mechanical  movements  or  devices  for  effecting  some  known  end  more 
conveniently,  or  in  seizing  upon  <and  adapting  some  scientific  fact 
or  principle  to  practical  use. 

Shoemaker's  chief  United  States  specifications  are  as  follows : — 

No.  708,842,  applied  for  February  1,  1901.— This  speoification  describes  a 
coherer  having  compound  plugs  of  iron  and  silver  surrounded  by  wire  coils. 
The  decoherence  of  the  nickel  or  iron  filings  is  effected  by  magnetizing  the  plugs. 
The  coherer  is  connected  as  usual  between  an  aerial  and  earth  plate,  and  is 
employed  to  operate  a  relay  of  the  movable  coil  type,  and  this  in  turn  sets  in 
operation  a  telegraphic  sounder. 

No.  691,815,  applied  for  February  1,  1901.— This  is  a  divided  application  of  the 
above  specification,  No.  708,842,  and  is  limited  to  the  construction  of  the  coherer. 
This  last  is  to  have  a  V-shaped  gap,  in  which  the  filings  are  placed. 

No.  684,467,  applied  for  February  12, 1901.— This  is  for  an  anticoherer  of  the 
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Neugschwender  type,  consisting  of  slits  cut  in  a  sheet  of  tinfoil  attached  to  a 
glass  tube.  The  surrounding  atmosphere  is  kept  moist  with  water  by  enclosing 
this  tube  in  another  tube,  the  interspace  being  filled  with  damp  cotton  waste. 
The  resistance  across  ithe  slit  normally  has  a  low  value,  but  is  said  to  increase 
when  electric  oscillations  are  made  to  traverse  the  slit. 

No.  700,708,  applied  for  February,  1901.— Is  for  a  carbon-steel  coherer  con- 
sisting of  steel  balls  embedded  in  granulated  graphitic  carbon.  Is  said  to  be  self- 
restoring. 

No.  708,702,  applied  for  February  12, 1901.— Is  for  a  wireless  telegraph  system 
of  the  usual  type,  comprising  the  carbon-steel  coherer  described  in  the  previous 
specification. 

No.  671,782,  applied  for  April  9, 1901. — Is  for  various  mechanical  arrangements 
connected  with  the  details  of  a  coherer  system  of  wireless  telegraphy. 

No.  11,952,  dated  November  26, 1901. — A  reissue  of  the  previous  specification. 

No.  680,002,  applied  for  April  18, 1901.— Contains  a  description  of  a  receiving 
arrangement  comprising  a  coherer  and  a  relay  of  a  peculiar  character,  such  that 
one  movement  of  the  relay  produces  three  movements  of  the  recorder  magnet. 

No.  714,648,  applied  for  May  18,  1901. — Is  for  a  receiving  arrangement  con- 
taining a  series  of  coherers,  decohered  by  embracing  current  coils,  set  in  operation 
by  a  phonic  wheel. 

No.  707,064,  applied  for  June  1, 1901. — This  specification  describes  an  arrange- 
ment in  which  it  is  proposed  to  employ  a  number  of  coherers  in  parallel.  The 
decoherence  is  effected  by  electromagnets,  which  are  energized  in  succession.  The 
objects  of  the  arrangement  are  not  clearly  stated. 

No.  718,700,  applied  for  June  10, 1901. — Describes  the  construction  of  a  special 
form  of  choking  coil  for  blocking  the  passage  of  electrical  oscillations. 

No.  687,440,  applied  for  June  10,  1901.— Another  application  covering  the 
same  device  as  No.  718,700. 

No.  717,765,  applied  for  June  22,  1901. — Is  a  specification  by  Shoemaker  and 
Pickard,  covering  the  use  of  a  chemical  recording  telegraph  of  the  Bain  type  in 
place  of  a  Morse  inker. 

No.  700,250,  applied  for  July  81, 1901.— Covers  simple  devices,  such  as  a  metal 
box  for  including  the  receiving  apparatus  and  a  switch,  making  it  impossible  to 
create  sparks  at  the  transmitter  unless  the  receiver  has  been  disconnected. 

No.  12,078,  dated  January  18,  1903.— This  is  a  reissue  of  the  above  specifica- 
tion, No.  700,250. 

No.  714,246,  applied  for  October  26,  1901. — Comprises  a  "  new  receiver  '*  for 
wireless  telegraphy.  It  apparently  depends  for  its  action  on  electrostatic 
induction,  and  is  intended  to  be  employed  in  a  proposed  arrangement  resembling 
that  of  Dolbear. 

No.  706,500,  dated  August  5, 1902. — Is  a  divided  application  of  the  previous 
patent. 

No.  717,766,  applied  for  December  7,  1901. — Another  application  concerned 
with  the  "  new  receiver." 

No.  710,872,  applied  for  January  11,  1902.— Describes  a  tapper  for  a  coherer 
capable  of  nice  adjustment. 

No.  761,258,  applied  for  May  2,  1902. — Covers  a  description  of  a  coherer  con- 
taining powdered  glass  and  metal  filings. 

No.  717,769,  applied  for  May  12,  1902. — A  receiving  arrangement  comprising 
a  self-restoring  coherer  consisting  of  carbon  blocks  on  which  steel  needles  lightly 
rest. 

No.  707,266,  applied  for  June  2,  1902.— This  is  for  a  form  of  carbon-iron 
coherer  consisting  of  steel  needles  lightly  resting  on  carbon  blocks. 

No.  711,181,  applied  for  August  9,  1902.— Describes  a  proposed  form  of 
receiver  dependent  for  its  action  on  the  change  in  resistance  of  a  bismuth  wire 
when  placed  in  a  magnetic  field.  As  it  requires  a  veiy  strong  magnetic  field  to 
make  any  sensible  change  at  ordinary  temperature,  it  is  evident  that  a  receiver 
on  this  principle  could  not  be  sensitive  even  if  it  could  operate  at  all. 

No.  711,132,  applied  for  August  9,  1902.— This  is  a  divided  application  of  the 
above  specification.  No.  711,181. 

No.  766,718,  applied  for  August  9,  1902.— Is  for  a  bolometer  receiver  of  the 
usual  Wheatstone's  bridge  type,  making  use  of  a  fine  platinum  wire  as  the  con- 
ductor, whose  resistance  is  to  be  varied  by  the  oscillations. 

No.  717,772,  applied  for  August  19,  1902.— Another  application  for  an  electric 
wave  detector  depending  upon  the  change  in  resistance  experienced  by  a  bismuth 
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wire  when  placed  in  a  magnetic  field.  A  telephone  is  to  be  UBed  as  a  detector  of 
the  change  in  reBistance. 

No.  766,719,  applied  for  August  19, 1902.— Another  application  for  a  form  of 
bolometer  receiver  of  the  Wheatstone's  bridge  type  employing  a  platinum  wire. 

No,  711,182,  applied  for  September  6,  1902.— Is  for  a  form  of  magnetic 
detector  resembling  that  deyised  by  Professor  E.  Wilson,  in  which  the  demag- 
netization of  an  iron  or  steel  needle  by  a  surrounding  coil  carrying  oscillations  is 
caused  to  tilt  over  the  needle  against  contacts  and  start  a  current  which  again 
remagnetizes  the  needle. 

No.  711,184,  applied  for  September  16,  1902.— Covers  a  description  of  an 
eleotrodynamometer  receiver. 

No.  711,445,  applied  for  September  16,  1902.— A  divided  application  of  the 
former  patent,  No.  711,184. 

No.  734,476,  applied  for  January  8,  1908.— This  application  covers  a  descrip- 
tion  of  a  magnetic  detector,  employing  a  moving  endless  band  of  iron  wire,  closely 
resembling  that  of  Marconi. 

No.  782,422,  applied  for  September  1, 1904.— A  form  of  receiving  arrangement 
comprising  the  use  of  a  number  of  electrolytic  detectors. 

No.  68,001,  applied  for  February  1,  1901.— A  description  of  an  arrangement 
proposed,  in  which  a  type-writing  telegraph  is  operated  by  electromagnetic  waves. 

No.  717,767,  applied  for  December  23,  1901.— A  system  of  multiplex  wireless 
telegraphy  making  use  of  a  revolving  wheel,  as  in  the  Delaney  system  of  multiplex 
telegraphy,  with  wires,  such  that  a  number  of  transmitters  operate  on  one  aerial, 
each  having  the  use  of  the  aerial  for  a  short  time  in  succession.  There  is  no 
evidence  to  show  that  it  would  work. 

No.  710,122,  applied  for  January  11,  1902.  —A  complicated  proposed  arrange- 
ment of  receiver  and  transmitter,  the  objects  of  which  are  not  very  definitely  set 
forth. 

No.  717,768,  applied  for  April  25, 1902.— Contains  a  description  of  an  elaborate 
proposed  system  of  multiplex  wireless  telegraphy.  The  specification  contains 
108  claims  and  three  sheets  of  diagrams.  In  the  absence  of  any  evidence  whether 
it  has  ever  been  set  in  operation,  it  is  not  worth  while  to  analyze  it  closely. 

No.  718,635,  applied  for  June  11,  1902.— For  relaying  or  repeating  wireless 
messages  automatically. 

No.  717,770,  applied  for  June  16,  1902.— Another  elaborate  specification 
describing  proposed  devices  for  multiplex  wireless  telegraphy. 

No.  717,773,  applied  for  August  19,  1902.— This  is  a  system  of  signalling  by 
means  of  electric  waves,  in  which  trains  of  waves  are  emitted  at  the  transmit- 
ting station,  following  one  another  very  closely,  whilst  at  the  same  time  a  number 
of  taps  are  administered  to  the  coherer  less  per  second  than  the  number  of  trains 
of  waves,  so  that  when  thev  fall  upon  an  antenna  connected  with  a  non-self- 
restoring  coherer  and  a  telephone,  there  is  heard  in  the  telephone  a  quick  succes- 
sion of  clicks.  A  code  of  a  certain  character  is  used ;  for  a  dash,  numerous  wave 
trains  are  emitted  at  the  transmitting  station,  which  follow  one  onother ;  hence 
the  trains  of  waves  representing  a  dash  have  a  tendency  to  keep  the  coherer 
during  their  arrival  at  a  low  resistance,  and  at  definite  intervals  only  has  its 
resistance  restored  by  means  of  continuous  tapping.  The  advantages  of  the  system 
are  not  very  obvious. 

No.  711,183,  applied  for  September  13,  1902.— This,  again,"  is  a  specification  for 
a  method  of  multiplex  wireless  telegraphy  in  which  wave  trains  are  emitted  at 
a  regular  rate.  At  the  receiving  station  the  circuit  including  or  controlling  the 
wave-responsive  device  is  influenced,  not  by  the  frequency  of  the  individual 
waves,  but  of  the  groups. 

No.  711,266,  applied  for  September  13, 1902.— This  is  a  divided  application  of 
the  previous  patent. 

No.  749,684,  applied  for  October  8,  1902.— This  is  for  a  system  of  multiplex 
wireless  telegraphy,  based  apparently  upon  syntonism  between  the  receiving  and 
transmitting  stations  dependent  upon  the  frequency  of  the  wave  trains,  and  not 
simply  of  the  waves  themselves.  The  three  above-mentioned  specifications  may 
be  considered  to  be  amplifications  or  variations  of  the  method  originally  proposed 
by  Blondel. 

No.  711,130,  applied  for  October  16,  1901.— This  specification  describes  the 
insertion  of  a  condenser  across  the  spark  balls  of  a  simple  plain  antenna  of  the 
Marconi  type. 

No.  710,121,  applied  for  December  11, 1901.— In  this  specification  the  patentee 
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proposes  to  place  a  condenser  in  series  with  an  inductance  across  the  spark  balls 
attached  to  a  secondary  circuit  of  either  an  induction  coil  or  a  transformer,  and 
to  connect  one  terminal  of  this  condenser  with  an  antenna  and  some  point  on 
the  inductance  with  the  earth.  It  is  a  very  slight  variation  on  the  method  now 
known  as  the  direct  coupling  of  the  aerial  with  the  nearly  closed  oscillation 
circuit. 

No.  711,181,  applied  for  January  11, 1902.— In  this  specification  the  patentee 
follows  very  closely  the  method  described  in  a  previous  specification  filed  in  Great 
Britain  by  the  Author.  The  patentee  proposes  to  use  a  transformer  connected  to 
an  alternator  through  an  inciuctance,  the  said  transformer  having  its  secondary 
terminals  connected  to  a  pair  of  spark  balls,  and  these,  again,  short-circuited  by  a 
closed  oscillation  circuit,  consisting  of  an  inductcmce  and  a  condenser,  the  induct- 
ance earthed  at  one  point  and  connected  at  some  other  to  an  aerial.  The  signals 
are  to  be  made  by  robbing  the  transformer  of  its  current,  by  temporarily  closing 
an  inductive  circuit  shunted  across  the  terminals  of  the  primary  circuit  of  the 
transformer. 

No.  711,444,  applied  for  January  11, 1902.— This  is  a  divided  application  of  the 
previous  specification. 

No.  754,904,  applied  for  June  11,  1902. — This  specification  again  describes  the 
shunting  of  the  spark  balls  of  an  inductance  coil  by  a  condenser  and  another 
inductance,  one  point  of  the  oscillation  circuit  being  connected  to  the  earth  and 
the  other  to  an  aerial. 

No.  717,771,  applied  for  August  18, 1902.->-This  specification  contains  a  descrip- 
tion of  a  proposed  method  of  constructing  a  transmitter  in  which  an  oscillation 
circuit  is  inductively  or  directly  connect^  with  an  open  circuit  comprising  an 
aerial,  no  earth  connection  being  i^sed.  This  method  of  working  had  already  been 
adopted  by  Braun. 

No,  717,774,  applied  for  November  10,  1902.— This  specification  describes  an 
oscillator  or  generator  of  electric  waves  comprising  a  condenser  or  ca^acit?  which 
can  be  varied,  and  also  an  inductance  in  the  oscillation  circuit,  the  object  being  to 
produce  waves  of  any  desired  wave  length  within  certain  limits. 

No.  7d6,884,  applied  for  April,  1908.— This  is  a  specification  which  contains  an 
ingenious  proposal  by  the  patentee  for  the  method  of  creating  continuous  trains 
of  electric  waves,  but  in  the  absence  of  any  proof  that  the  method  is  operative,  it 
is  not  worth  while  to  discuss  it  in  detail. 

No.  756,720,  applied  for  June  25,  1903. — In  this  specification  the  patentee 
proposes  to  employ  a  continuous  high-potential  current  for  creating  dectrical 
oscillations  in  place  of  an  alternator  and  transformer.  The  special  advantages  of 
the  arrangement  are  not  obvious. 

No.  787,057,  applied  for  July  29,  1908. — Contains  merely  a  description  of  a 
compact  form  of  spark  ball  and  condenser  apparatus,  forming  part  of  a  trans- 
mitting arrangement  for  wireless  telegraphy,  the  condensers  being  contained  in 
a  box,  on  the  top  of  which  is  placed  a  variable  inductance  and  the  spark  balls. 
Very  similar  arrangements  had  be^Bu  patented  by  other  persons  previously. 

13.  Other  Suggested  Solutions  of  the  Problem  of  Syntonic 
Wireless  Telegraphy  by  Blondel,  Anders  Bull,  and  Artom. — 

Many  different  plans  have  been  proposed  with  the  object  of  avoiding 
interference  between  wireless  telegraph  stations  and  preventing  the 
interception  or  mutilation  of  messages.  The  majority  of  these 
methods  depend,  as  we  have  seen,  upon  the  facts  of  electrical 
resonance.  This  involves  means  for  creating  prolonged  trains  of 
electric  waves,  achieved  by  storing  up  electric  energy  in  a  condenser 
and  releasing  it  in  the  form  of  very  persistent  oscillations  which  are 
made  to  communicate  their  energy  to  a  radiative  circuit,  and  thus 
create  correspondingly  long  wave  trains  in  the  aether.  The  antenna, 
or  radiating  wire,  is  thus  made  to  dispei-se  as  radiant  wave  energy 
the  potential  energy  stored  up  in  the  condenser.  At  the  receiving 
end  these  wave  trains  fall  on  a  receptive  antenna,  and  are  made  to 
excite  syntonic  oscillations  in  a  nearly  closed  oscillation  circuit  tuned 
to  the  same  period  or  a  harmonic  of  it,  and  thus  affect  some  form  of 
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cymoscope  connected  with  that  circuit.  We  have  already  discussed 
the  conditions  which  must  hold  good  for  this  resonance  to  take  place. 
In  the  absence  of  numerical  data  as  to  the  relative  energy  of  two 
wave  trains  and  their  logarithmic  decrements  and  initial  energies  and 
the  nature  of  the  receptive  circuit,  it  is  not  possible  to  define  in  the 
abstract  how  much  the  frequencies  of  the  two  trains  must  differ  in 
order  that  one  may  affect  and  the  other  not  affect  any  given  receiver. 
Practical  experience  has  shown  that,  as  far  as  wireless  telegraphy  is 
concerned,  when  one  wave  frequency  is  the  octave  (in  a  musical 
sense)  of  another,  very  good  independent  reception  can  be  obtained 
when  using  receiving  circuits  timed  to  fundamental  agreement  with 
each  wave  train  separately.  Hence,  if  we  have  three  transmitting 
stations  sending  out  signalling  wave  trains  having  a  wave  length  of 
300,  600,  and  1200  feet  respectively,  there  is.no  great  difficulty  in 
arranging  three  separate  syntonic  receivers,  attached,  if  necessary, 
to  one  and  the  same  receiving  aerial,  each  of  which  shall  be  corre- 
spondent to  one  only  of  the  above-named  transmitting  stations. 
There  is,  however,  still  the  problem  of  rendering  each  receiver  proof 
against  strong  vagrant  waves  or  aperiodic  disturbances,  made 
deliberately  and  with  mischievous  intent  or  accidentally  by  other 
workers  on  the  same  area. 

Inventors  have  then  endeavoured  to  meet  this  case  by  devising 
methods  in  which  the  syntonism  between  the  stations  is  not  that  of 
the  frequencies  of  the  waves,  but  the  much  lower  frequency  of  the 
wave  trains.  Thus  a  series  of  groups  of  waves  may  be  sent  out  from 
a  transmitting  station,  each  wave  train  consisting,  say,  of  200  waves, 
having  a  frequency  of  1,000,000.  Then  the  whole  wave  train  would 
occupy  only  one  five-thousandth  of  a  second.  The  wave  trains  might 
follow  each  other  with  a  frequency  of  100.  Then  100  trains  of  waves 
would  pass  any  point  per  second,  and  the  so-called  group  frequency 
would  be  only  one-fiftieth  part  of  the  wave  frequency.  It  is  then 
possible  to  construct  receiving  apparatus  which  shall  be  sensitive  only 
to  the  group  frequency. 

The  original  suggestion  for  this  method  of  working  came  from 
M.  A.  Blondel,  who,  on  August  6,  1898,  deposited  with  the  Academy 
of  Sciences  in  Paris  a  sealed  envelope  containing  a  description  of  his 
improvements  in  syntonic  wireless  telegraphy  which  was  opened  on 
May  19, 1900.* 

From  the  transmitter  trains  of  electric  waves  are  sent  out  at 
definite  intervals  controlled  by  a  regular  interrupter.  At  the  receiving 
end  a  single  voltaic  cell  keeps  a  condenser  charged  until  a  cymoscope 
of  the  metallic  filings  type  is  rendered  conductive  by  the  oscillations 
created  in  the  receiving  aerial  by  the  waves  falling  on  it.  Under 
these  circumstances  the  condenser  discharges  through  a  telephone. 
The  telephone  used,  however,  is  one  of  the  Mercadier  monotone 
telephones,  or  some  equivalent  form  which  does  not  respond  to  a 
single  current  or  discharge  through  it,  but  only  to  a  regulated  series 
of  currents  at  certain  intervals,  say  100  per  second.  Hence,  if  the 
wave  trains  continue  to  arrive  at  these  intervals  they  will  create  a 

•»  See  Comptes  Bendus,  May  21, 1900,  vol.  180,  p.  1883,  "  Sur  1a  Syntonie  dans 
la  T^legraphie  sans  fil ;  "  or  "  Rapports  du  Gongr^  InterDational  d'Electricit^,'* 
p.  841.    Paris,  1900. 
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sound  in  the  telephone,  and  this  may  be  shorter  or  longer  to  corre- 
spond with  a  Morse  dot  or  dash,  according  as  the  key  at  the  trans- 
mitting end  is  manipulated.  The  receiver  will,  therefore,  be  insensitive 
to  irregular  or  aperiodic  impulses,  but  sensitive  to  wave  trains,  or  even 
solitary  waves,  arriving  at  the  determined  rate  fixed  by  the  timing  of 
the  monotone  telephone. 

The  writer  is  not  aware  that  the  method  has  ever  been  put  into 
practice,  but  the  suggestion  has,  at  any  rate,  served  as  a  text  on  which 
many  other  patentees  have  constructed  patent  specifications. 

We  may  then  pass  on  to  notice  the  attempts  that  have  been  made 
to  secure  isolation  by  a  plan  which  is  not  dependent  on  electrical 
syntony.  One  of  these,  which  has  the  appearance  of  developing  into 
a  very  practical  solution  of  the  problem,  is  that  due  to  Anders  Bull.** 
In  the  first  arrangements  proposed  by  this  inventor,  a  receiver  is 
constructed  which  is  not  capable  of  being  acted  upon  merely  by  a 
single  wave  or  train  of  waves,  or  even  a  regularly  spaced  train  of 
electric  waves,  but  only  by  a  group  of  wave  trains  which  are  separated 
from  one  another  by  certain  unequal  predetermined  intervals  of  time. 
Thus,  for  instance,  to  take  a  simple  instance,  the  transmitting  arrange- 
ments are  so  devised  as  to  send  out  groups  of  electric  waves,  these 
wave  trains  following  one  another  at  time  intervals  which  may  be 
represented  by  the  numbers  1,  3,  and  5 ;  that  is  to  say,  the  interval 
which  elapses  between  the  second  and  third  is  three  times  that 
between  the  first  and  second,  and  the  interval  between  the  third  and 
fourth  is  five  times  that  between  the  first  and  second.  That  is 
achieved  by  making  four  electric  oscillatory  sparks  ynth  a  transmitter 
of  the  ordinary  kind,  the  intervals  between  which  are  settled  by  the 
intervals  between  holes  punched  upon  strips  of  paper,  like  that  used 
in  a  Wheatstone  automatic  telegraphic  instrument  (see  Fig.  68).  It 
will  easily  be  understood  that  by  a  device  of  this  kind  groups  of  sparks 
can  be  made,  say  four  sparks  rapidly  succeeding  each  other,  but  not 
at  equal  intervals  of  time.  One  such  group  constitutes  the  Morse 
dot,  and  two  or  three  such  groups  succeeding  one  another  very  quickly 
constitute  the  Morse  dash.  These  waves,  on  arriving  at  the  receiving 
station,  are  caused  to  actuate  a  punching  arrangement  by  the  inter- 
mediation of  a  coherer  or  other  cymoscope,  and  to  punch  upon  a 
uniformly  moving  strip  of  paper  holes  which  are  at  intervals  of  time 
corresponding  to  the  intervals  between  the  sparks  at  the  transmitting 
stations.  This  strip  of  paper  then  passes  through  another  telegraphic 
instrument,  which  is  so  constructed  that  it  prints  upon  another  strip 
a  dot  or  a  dash,  according  to  the  disposition  of  the  holes  on  the  first 
strip.  Accordingly,  taken  as  a  whole,  the  receiving  arrangement  is 
not  capable  of  being  influenced  so  as  to  print  a  telegraphic  sign, 
except  by  the  operation  of  a  series  of  wave  trains  succeeding  one 
another  at  certain  assigned  unequal  intervals  of  time. 

To  carry  out  these  principles  in  practice,  two  instruments  have  to 
be  employed.  At  the  transmitting  end  one  to  effect  the  conversion  of 
Morse  signals,  made  with  an  ordinary  key  with  the  properly  spaced 
series  of  wave  trains  radiated  from  the  aerial.  This  is  called  the 
disperser.  At  the  receiving  station  another  instrument  called  the 
collector  is  employed  to  effect  the  reconversion  of  the  wave  groups 
»•  See  The  Electrician,  February  8, 1901,  vol.  46,  p.  673. 
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into  the  Morse  signal  printed  on  a  Morse  inker.  The  arrangements 
are  shown  in  the  diagrams  in  Figs.  53,  54,  56,  and  56,  taken,  by 
permission,  from  an  article  by  M.  Anders  Bull  in  Th^  Electrician.^ 

If  a  dot  in  the  Morse  code  is  to  be  transferred  from  a  station.  A, 
to  another  station,  6,  a  series  of,  say,  five  wave  impulses  at  intervals 
a\  h\  r',  and  d!  is  despatched.  The  receiver  at  B,  tuned  for  these 
intervals,  collects  the  five  impulses  and  registers  them  as  a  dot  on  the 
tape  of  a  Morse  apparatus ;  in  transmitting  a  dash,  a  sequence  of  such 
series  is  despatched  from  A,  and  the  receiver  at  B  will  register  a  row 
of  closely  placed  dots  (a  dash)  on  the  tape.  If  A  wants  to  com- 
municate with  another  station,  C,  a  second  series  is  used,  the  intervals 
being  a",  V\  c",  and  d!\  These  series  will  not  be  recognized  by  the 
receiver  at  B,  as  the  intervals  do  not  correspond  with  the  adjustment 
of  the  latter.  The  receiver  at  C  will,  however,  receive  and  record 
the  signal.  In  this  way,  by  using  series  of  different  forms,  one  can 
telegraph  selectively  from  a  transmitting  station  to  any  number  of 
receivers. 

The  conversion  of  the  Morse  signs  into  series  at  the  transmitting 
station,  as  well  as  the  reconversion  of  the  series  into  dots  at  the 
receiving  station,  is  accomplished  automatically  by  two  instruments, 
the  disperser  and  the  collector,  respectively.  Sending  is  carried  out 
in  the  usual  way  by  pressing  down  a  Morse  key  for  short  or  long 
periods. 

Fig.  53  shows  diagrammatically  the  connections  at  the  transmitting 
station.  By  pressing  the  key  1,  a  current  will  flow  from  the  battery  2 
through  the  windings  of  the  electromagnet  3,  the  armature  of  which  is 
fitted  with  a  hook,  4,  to  grasp  the  stop  5  on  the  disc  6.  The  latter 
is  loose  on  the  pivot  7,  which  rotates  with  a  velocity  of  about  five 
revolutions  per  second,  the  friction  being  sufficient,  however,  to  confer 
on  the  disc  a  tendency  to  rotate  with  the  pivot.  When,  therefore,  the 
armature  is  attracted,  the  disc  6  is  released  and  starts  rotating ;  the 
stop  5,  in  passing  the  contact  springs  8,  will  close  a  circuit,  including 
the  battery  9,  and  the  electromagnet  10,  mounted  on  the  frame  of 
the  disperser.  If  the  key  is  pressed  only  for  a  short  time  (in  order  to 
send  a  dot),  the  hook,  having  released  the  disc,  resumes  its  normal 
position,  and  the  disc  is  stopped  after  one  revolution.  Only  one 
impulse  is  then  sent  through  the  windings  of  the  magnet  10.  If, 
however,  the  key  is  pressed  long  enough  to  allow  the  disc  to  make 
several  revolutions,  a  number  of  impulses  at  regular  intervals  of  one- 
fifth  of  a  second  are  sent  round  the  magnet. 

The  disperser  consists  of  a  disc,  11,  to  which  is  fixed  a  large 
number  of  concentrically  arranged  vertical  steel  springs,  12.  The 
upper  ends  of  the  springs  are  free,  and  are  passed  through  radial 
slots  in  a  second  disc,  13 ;  their  ends  are  thus  allowed  freedom  in  a 
radial  direction  only.  The  two  discs  are  mounted  on  the  same  spindle, 
and  revolve  within  the  frame  14,  to  which  is  fixed  a  ring,  15,  serving 
as  a  guide  for  the  points,  so  that  during  a  revolution  they  are  caused 
to  glide  either  within  the  ring  or  in  the  H -shaped  groove,  16,  formed 
by  the  latter.  A  piece  of  the  ring  corresponding  to  the  angle  a 
(Fig.  53)  is  cut  off,  and  in  its  place  is  fitted  a  piece  of  bronze,  17, 
which  bends  the  ends  of  the  springs  towards  the  pole  of  the  magnet 
«'  See  The  Electrician,  January  2, 1903,  vol.  50,  p.  418. 
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18.  This  magnet  is  constantly  excited  by  current  from  the  battery 
9,  and  the  steel  springs  are  attracted  by  it.  Their  elasticity  being 
overcome  by  the  strength  of  the  magnet,  and  the  bronze  finger  19 
being  in  its  normal  position,  the  springs  will  slide  along  the  pole  of 
the  magnet  18,  and  will  not  be  released  until  they  have  reached  the 
edge  20.     On  further  revolving,  they  will  glide  within  the  ring  15. 


From  **  Tke  SlectHcian," 

Fig.  63. — Diagram  of  Connections  in  the  Anders  Bull  Transmitter  for  Electric 
Wave  Telegraphy. 

If,  on  the  contrary,  the  magnet  10  is  excited,  the  finger  19,  fixed  to 
the  armature,  will  be  pushed  over  the  pole  of  the  magnet  18,  and 
protrude  slightly  in  front  of  it.  Then  when  the  springs  pass  by  this 
finger,  they  will  be  forced  from  the  pole  of  the  magnet  18,  and  on 
account  of  their  elasticity  will  resume  their  vertical  position.  They 
will,  therefore,  enter  the  ^-shaped  groove  at  21,  and  remain  in  the 
latter  for  one  complete  revolution. 
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Around  the  circumference  of  the  disperser  a  number  of  contact 
devices,  22,  are  fitted,  consisting  of  two  contact  springs,  23,  insulated 
from  each  other ;  by  the  aid  of  screws  these  devices  may  be  fastened 
around  the  frame  at  any  desired  angular  intervals.  The  contact 
springs  are  arranged  in  such  a  way  as  to  allow  the  steel  springs 
moving  within  the  ring  15  to  just  clear  them,  while  the  steel  springs 
in  the  groove  16  protrude,  and  therefore  in  passing,  will  establish 
contact.  When  the  disperser  is  working,  provided  the  magnet  10 
has  not  been  excited,  all  the  steel  springs  will  glide  within  the  ring 
15,  and  consequently  all  the  contact  devices  22  will  be  open.  If, 
however,  a  short  current  impulse  is  sent  through  the  windings  of  the 
magnet  10,  a  steel  spring  is  brought  into  the  groove  16,  and  establishes 
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Fig.  54.~Diagram  of  Connections  in  the  Anders  Bull  Receiver  for  Electric 
Wave  Telegraphy. 


contact  successively  at  every  one  of  the  contact  devices.  The  contact 
springs  are  electrically  connected,  as  shown  in  Fig.  1,  and,  accordingly, 
each  time  a  contact  is  made,  current  from  the  battery  24  will  excite 
the  interrupter  magnet  25,  the  armature  of  which  will  be  attracted, 
causing  a  current  from  the  battery  26  to  flow  through  the  induction 
coil  27.  On  the  subsequent  opening  of  the  circuit,  a  spark  discharge 
takes  place  between  the  secondary  terminals  of  the  coil,  and  a  wave 
impulse  emanates  from  the  transmitting  station.  Consequently,  for 
each  current  impulse  that  is  sent  through  the  windings  of  the  dis- 
perser's  magnet  10,  a  number  of  wave  impulses  corresponding  to  the 
number  of  the  contact  devices  22  are  despatched.  The  discs  revolving 
at  approximately  constant  speed,  the  time  intervals  between  the 
impulses  of  such  a  series  will  be  proportional  to  the  angular  distances 
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between  the  contact  devices,  and  by  putting  these  in  different  positions 
around  the  frame  of  the  disperser,  one  can  vary  the  form  of  the 
despatched  series  q,t  will. 

At  the  receiving  station  the  wave  impulses  strike  the  mast  wire 
28  (Fig.  54),  lowering  the  resistance  of  the  coherer  29,  and  causing 
the  relay  30  to  become  excited.  The  latter  closes  the  circuit  for  the 
tapper  31,  by  which  the  initial  resistance  of  the  coherer  is  restored, 
and  at  the  same  time  a  current  impulse  is  sent  through  the  windings 
of  the  collector  magnet  32,  which  is  shunted  with  the  tapper.  As  the 
collector  is  constructed  in  the  same  way  as  the  disperser,  a  steel 
spring  for  each  arriving  wave  impulse  is  brought  into  the  groove  of 
the  ring  33.  The  disc  to  which  the  steel  springs  are  fastened,  like 
that  of  the  disperser,  revolves  at  approximately  isochronous  speed, 
and  consequently  the  angular  distances  between  the  springs  brought 
into  the  groove  will  be  proportional  to  the  intervals  of  time  between 
the  impulses  that  have  impinged  upon  the  mast  wire  28.  A  series  of, 
say,  five  impulses  will,  therefore,  cause  five  springs  to  be  brought  into 
the  groove  at  angular  intervals  corresponding  to  the  intervals  of  time 
between  the  impulses.  Around  the  frame  of  the  collector  are  fitted 
the  same  number  of  contact  devices,  34,  as  are  on  the  disperser,  and, 
similarly,  only  the  springs  moving  in  the  groove  will  be  able  to 
estabUsh  contact.  The  contact  devices  of  the  collector  are,  however, 
connected  in  series  (Fig.  54),  so  that  a  current  cannot  flow  through 
the  Morse  apparatus  35  until  contact  is  established  simultaneously  at 
all  the  points.  If  now  these  points  are  adjusted  to  the  same  mutual 
angular  distances  as  the  steel  springs,  which,  on  the  arrival  of  a 
certain  series  of  impulses,  are  brought  into  the  groove,  then  such  a 
group  of  steel  springs  will,  during  the  revolution  of  the  disc,  cause  a 
momentary  simultaneous  contact  at  all  the  points ;  a  current  impulse 
then  flows  through  the  Morse  apparatus,  and  is  registered  as  a  dot  on 
the  tape.  Consequently,  a  continuous  succession  of  series,  despatched 
by  the  transmitter  when  a  dash  is  to  be  transferred,  is  registered  as  a 
continuous  row  of  dots.  Series  of  any  other  form  than  the  one  to 
which  the  collector  is  adjusted  cannot  cause  a  simultaneous  contact 
of  the  devices  34,  and  therefore  they  will  not  be  registered  by  the 
Morse  apparatus. 

Fig.  66  shows  the  instruments  used  in  the  experiments.  The 
disperser  and  collector  are  here  combined  in  one  apparatus,  A,  one 
half  serving  for  despatching  and  the  other  for  receiving  messages. 
The  apparatus  is  geared  to  a  small  motor,  B,  the  speed  of  which  is 
regulated  by  a  brake  regulator  of  the  Siemens  and  Halske  type,  C. 
The  disc  carrying  the  steel  springs  is  rotated  at  a  speed  of  about  one 
revolution  per  second,  and  the  number  of  the  springs  is  400.  D  is 
the  automatic  device  above  indicated  by  3-8  in  Fig.  53,  and  is  worked 
from  the  shaft  of  the  motor.  E  is  a  relay,  designed  for  rapid  acting, 
the  armature  being  very  slight  and  the  iron  core  laminated.  It  works 
well  with  01  of  a  milliampere. 

At  the  time  of  writing  the  above  description,  the  inventor  had 
only  been  able  to  mount  one  transmitting  and  one  receiving  station, 
but  he  had  provided  the  disperser  with  three  sets  of  contact  devices 
34,  any  one  of  which  could  be  put  in  connection  with  the  interrupter 
of  the  induction  coil  by  means  of  a  switch.     The  same  key  could  be 
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used  to  despatch  series  of  three  different  forms,  and  at  the  receiving 
station  the  collector  was  provided  with  three  sets  of  contact  devices, 
each  of  which  was  connected  to  a  Morse  apparatus ;  these  being 
adjusted  in  such  a  way  as  to  correspond  vnth  the  three  forms  of 
series  to  be  despatched  from  the  transmitting  station.  Fig.  56  shows 
the  complete  receiving  station,  with  three  independent  Morse 
printers. 

The  nxunber  of  impulses  in  each  series  is  only  three,  and  S,,  S,,  and 
S,  in  Fig.  57,  show  diagrammatically  the  three  forms  used.  Time  is 
represented  by  the  length  of  the  horizontal  line,  and  the  impulses  by 
heavy  cross  strokes.  The  distance  between  two  of  the  fine  cross 
strokes  represents  0*05  of  a  second.  In  Fig.  58  is  shown  how  the 
series  succeed  each  other  when  the  key  is  pressed  for  a  long  time. 
By  aid  of  these  three  series  it  was  possible  to  telegraph  selectively 
to  any  of  the  three  Morse  machines  at  the  receiving  station.  The 
messages  arrived  very  distinct  and  precise,  and  appeared  exclusively 
on  the  tape  of  the  machine  for  which  they  were  intended.  I.  to  III. 
in  Fig.  59  shows  three  pieces  of  tape  simultaneously  imwound  from 
the  three  Morse  machines,  when  words  were  sent  by  the  transmitter, 
in  each  of  the  three  series  S^,  S„  and  S,  successively.  The  tapes 
show  that  when  one  machine  was  working  no  signal  was  registered 
by  either  of  the  other  two. 

As  far  as  the  inventor  knows,  this  is  the  greatest  number  of 
receivers  that,  up  to  the  present,  have  been  worked  selectively  by 
wireless  telegraphy;  but  it  is  evident,  however,  that  they  may  be 
increased  by  varying  the  forms  of  the  series.  The  different  trans- 
mitters and  receivers  will  work  equally  well  if  moimted  at  different 
stations,  and  it  is  quite  immaterial  whether  the  distance  to  be  covered 
is  great  or  short ;  in  these  respects  the  present  system  possesses  an 
advantage  over  those  based  on  electric  syntony.  The  working  distance 
over  which  these  experiments  were  carried  out  was  only  about  100 
yards,  the  energy  of  the  transmitter  being  small  in  proportion. 
Several  despatches  can  be  simultaneously  transmitted  by  this  system 
without  interference ;  but,  unfortunately,  the  inventor  was  unable  to 
experiment  in  this  direction  owing  to  the  lack  of  apparatus  at  his 
disposal. 

It  might  be  thought  that  the  speed  of  working  must  be  very 
hmited,  a  dot  requiring  a  series  of  at  least  three  impulses ;  but  this 
objection  is  justified  only  to  a  certain  extent,  as  the  dashes  hardly 
require  more  impulses  than  by  other  systems.  Tl^e  dashes  may, 
without  fear  of  confusion,  consist  of  only  two  dots,  and  two  series 
are  therefore  sufiGicient,  making  six  impulses  a  minimum  for  the 
transference  of  a  dash.  Although  no  arrangements  for  great  speed 
were  made  in  these  experiments,  fifty  letters  a  minute  were  easily 
transmitted,  and  this  speed  > could  be  considerably  increased.  The 
system  may  also  be,  with  Uttle  difficulty,  adapted  to  the  Hughes 
type-printing  apparatus.  The  greatest  advantage,  however,  lies  in 
the  fact  that  it  is  impossible  for  an  outsider  to  "  overhear  "  or  "  tap  " 
a  message.  The  lack  of  secrecy  has  always  been  one  of  the  dis- 
advantages urged  against  wireless  telegraphy  as  an  argument  against 
its  commercial  utility,  but  it  is  possible  that  this  system,  or  some 
modification  of  it,  may  present  advantages  in  certain  cases. 
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Anders  Bull  has  also  suggested  methods  for  rendering  messages 
unintelligible  to  those  unconcerned ;  one  is  to  make  the  intervals  of 
time  between  the  impulses  in  the  series  so  long  that  the  latter  become 
somewhat  longer  than  the  intervals  between  each  of  the  series,  which 
are  despatched  in  continuous  succession  when  the  key  is  pressed  for 
a  dash.  This  is  the  case  with  the  series  S,  in  Fig.  67.  When 
telegraphing,  the  series  will  then  overlap  each  other  in  a  way  which 
makes  the  message  unintelligible  if  recorded  in  the  usual  manner. 
This  is  plain  from  tapes  IV.  and  V.  (Pig.  69),  which  were  simultane- 
ously unwound  from  two  Morse  machines,  one  being  tuned  and  the 
other  connected  to  the  coherer  in  the  ordinary  way.  The  latter 
machine,  of  course,  registers  each  impulse  in  the  order  of  arrival,  and 
the  message  appears  as  on  tape  Y.  Tape  lY.  is  the  identical  message 
recorded  by  the  timed  receiver,  and  it  should  be  observed  that  the 
series  in  this  case  only  consisted  of  three  impulses.  When  a  greater 
number  is  chosen  the  messages  recorded  by  an  ordinary  receiver  will 
be  still  more  confused.  The  other  way  of  keeping  the  messages 
secret  is  to  use  short  series,  as  S^  and  Sg  in  Fig.  67,  and  to  send  out  in 
the  spaces  between  the  individual  dots  and  dashes  of  the  message  a 
series  of  a  form  not  affecting  the  receiver  telegraphed  to,  but  never- 
theless resembling  the  series  to  which  the  receiver  is  tuned ;  this  can 
be  done  by  a  very  simple  automatic  device.  In  such  a  case  an 
ordinary  wireless  telegraph  receiver  would  give  an  unbroken  row  of 
dots,  quite  impossible  to  decipher,  as  the  two  forms  of  series  could 
not  be  separated. 

The  following  is  an  account  of  some  tests  made  last  spring  before 
the  United  States  Navy  with  the  Anders  Bull  system  of  selective  wire- 
less telegraphy,  described  in  The  Electrician,  vol.  xlvi.  p.  673 ;  vol.  1. 
p.  418 ;  and  vol.  li.  p.  963.  The  tests  were  undertaken  between  the 
Government  stations  at  Highlands  of  Navesink,  N.J.,  and  Brooklyn 
Navy  Yard,  the  distance  being  about  thirty-five  kilometres.  The  field 
is  considered  a  rather  difficult  one  for  experimental  work,  as  the  waves 
have  to  pass  the  greater  part  of  Brooklyn ;  moreover,  the  stations  are 
very  much  troubled  by  interference  from  several  other  wireless  in- 
stallations in  the  neighbourhood,  the  interference  lasting  sometimes 
without  interruption  for  hours. 

The  regular  service  between  the  said  two  stations  is  performed  by 
means  of  the  Slaby-Arco  system,  which  has  been  provisionally  adopted 
by  the  United  States  Navy.  It  was  decided  to  try  the  Anders'  Bull 
selective  instruments  in  connection  with  the  existing  installation. 
The  instruments  were  employed  as  already  described.  The  voltage 
used  at  Navesink  and  Brooklyn  is  80  and  110  volts  respectively;  as, 
however,  the  transmitter  was  only  constructed  for  low  voltage  and 
small  power,  it  was  only  possible  to  use  a  fraction  of  the  energy 
generally  employed  for  signalling  between  the  stations.  Thus,  while 
the  spark  is  usually  about  |  inch,  long,  the  tests  had  to  be  made 
with  j^  inch  spark.  In  order  to  get  good  communication,  it  was 
necessary  to  make  the  receiving  arrangement  very  sensitive.  This, 
however,  made  the  conditions  for  the  tests  rather  unfavourable,  as 
sensitive  instruments  are  much  more  exposed  to  disturbances  of  all 
kinds,  and  do  not  work  with  the  same  exactness  and  rapidity  as  less 
sensitive  ones.     Of  course,  difficulties  of  this  nature  can  be  easily 
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overcome,  as  the  transmitter  can  be  constructed  for  any  energy 
required ;  but  for  the  tests  in  question  no  other  apparatus  was  at  hand. 

The  transmitter  was  installed  at  Navesink,  the  receiver  at  Brooklyn 
Navy  Yard.  Lack  of  apparatus  prevented  them  from  signalling 
selectively  in  both  directions.  At  both  places  switches  were  pro- 
vided, so  that  either  the  Slaby  instruments  or  the  Anders  Bull 
apparatus  could  be  connected  up  to  the  oscillation  circuits  and 
aerials. 

The  experiments  were  conducted  chiefly  with  a  view  to  demonstrat- 
ing the  seci'ecy  of  the  correspondence.  Arrangements  were,  therefore, 
made  at  the  receiving  station  so  that  the  messages  could  be  simultane- 
ously registered  by  the  selective  inker  M,  and  another  one,  M',  which 
was  connected  up  to  a  relay  in  the  ordinary  way,  thus  enabling  a 
comparison  to  be  made  between  the  two  records.  Secrecy  was 
obtained  by  using  a  series  of  three  iihpulses  at  intervals  of  0*063  and 
0-295  second,  the  interval  between  successive  series  being  0-2  second. 

The  official  demonstration  took  place  on  May  12,  before  the 
Wireless  Telegraph  Board.  The  sending  was  carried  out  by  the 
chief  electrician  at  the  Navesink  station.  During  the  tests  there  were 
slight  atmospheric  disturbances,  which  seemed  strongly  to  affect  the 
commimication  with  the  Slaby- Arco  instruments,  while  they  had  only 
very  little  effect  on  the  selective  signalling.  A  message  which  could 
not  be  read,  in  spite  of  its  being  repeated  some  four  or  five  times  with 
tife  Slaby  instruments,  was  easily  deciphered  when  sent  once  by  the 
Anders  Bull.  In  order  to  put  the  selective  inker  in  action,  at  least 
three  wave  impulses  correctly  timed  are  necessary.  As  long  as, 
therefore,  the  interference  is  only  moderate  it  does  not  affect  the 
selective  receiver,  although  it  may  be  strong  enough  to  make  corre- 
spondence with  ordinary  wireless  instruments  an  impossibility.  To 
prevent  misunderstanding,  it  should  be  observed  that  the  Slaby 
instruments  were  using  the  full  energy  the  whole  time.  Very  long 
despatches  were  after  this  satisfactorily  transmitted  with  the  Anders 
Bull  instruments,  the  operator  at  times  working  the  key  without 
interruption  for  fifteen  minutes.  Some  tests  were  also  performed  for 
the  purpose  of  ascertaining  the  influence  of  a  difference  in  the  speeds 
of  the  transmitting  and  receiving  instruments  respectively.  The  speed 
of  the  disperser  was  kept  constant  at  57  revolutions  per  minute,  while 
the  collector  was  made  to  run  with  speeds  varying  between  53*5  and 
61  revolutions  per  minute.  During  the  whole  time  the  V's  sent  by 
the  Navesink  station  came  out  very  clearly  on  the  tape  of  the  selective 
inker.  Thus,  even  deviations  from  the  normal  speed  as  great  as 
8  per  cent,  could  be  allowed.  It  is  advisable,  however,  in  order  to  get 
a  distinct  timing,  that  the  variations  should  be  the  smallest  possible. 

Comparisons  between  the  tapes  unrolled  by  the  selective  inker  M, 
and  the  ordinary  one,  M',  proved  the  complete  impossibility  of  out- 
siders tapping  the  messages.  Any  wireless  signalling  m  apt  to  be 
interfered  with,  especiaUy  when  carried  out  over  long  distances. 
Some  dots  may  fail,  new  ones  may  appear  (for  instance,  by  atmo- 
spheric disturbances),  or  a  dash  may  be  split  up  into  dots ;  in  this 
way  letters  may  easily  be  mistaken.  As  long  as  ordinary  language  is 
used  scattered  faults  of  this  kind  are  not  of  much  importance,  as  they 
are  generally  easily  detected  by  the  context  of  the  message.     When 
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code  is  used  the  case  is  different.  The  mistake  of  a  few  letters  may 
here  make  the  whole  message  illegible.  Besides,  the  use  of  code 
requires  skill,  and  is  very  time-wasting  work,  even  if  the  messages 
come  in  perfectly  clear,  and  there  may  be  occasions  where  the  minutes 
are  valuable ;  for  instance,  during  war. 

Another  system  for  which  an  advantage  is  claimed  in  connection 
with  syntonic  telegraphy  is  that  of  Alessandro  Artom,  who  has  pro- 
posed to  employ  a  circularly  or  elliptically  polarized  beam  of  electric 
radiation. 

This  inventor  has  described  in  two  British  patent  specifications 
his  appliances,  as  follows.*®  He  erects  two  aerial  wires  at  right 
angles  of  45^  to  the  vertical.  In  these  aerials  he  states  that  he  can 
generate  by  the  usual  method  of  condenser  discharge  oscillations 
which  differ  in  phase  by  90°.  It  is  not  very  clear  from  the  specifica- 
tions that  the  methods  he  pro{)oses  would  be  effective,  because  the 
patentee  appears  to  neglect  the  fact  that  the  radiation  sent  out  from 
a  linear  aerial  is  very  highly  damped.  To  procure  approximately 
circular  polarization,  it  is  necessary  that  the  original  beam  of  radiation 
shall  have  been  polarized  in  one  plane  and  then  spht  into  two  beams 
polarized  in  planes  at  right  angles,  and  one  of  these  beams  he  retarded 
by  90°  or  a  quarter  of  a  period.  Optically  this  is  affected  by  a  device 
called  a  Fresnel's  rhomb.  In  the  electrical  case  it  is  necessary  to 
secure  that  the  oscillations  in  the  two  aerials  at  right  angles  are  not 
only  in  the  right  relative  phase  at  the  commencement  of  the  oscillb- 
tions,  but  remain  different  in  phase  by  90°  throughout  the  train  of 
waves,  and  also  that  both  trains  have  the  same  logarithmic  decrement. 
It  is  also  not  very  clear  what  advantage  is  secured  by  the  use  of  a 
beam  of  circularly  or  elliptically  polarized  radiation  in  regard  to  the 
privacy  of  commimication.  The  method  appears,  however,  to  have 
been  tested  in  Italy  by  the  ofl&cers  of  the  Italian  Navy,  with  the 
following  results,  as  stated  in  a  letter  addressed  to  the  chairman  of 
the  Royal  Academy  of  Lincei  by  the  inventor. 

It  has  been  said  that  experiments  were  conducted  in  the  Gulf  of 
Spezia  in  February,  1903,  to  test  the  feasibihty  of  signalling  from  the 
wireless  telegraph  station  of  St.  Vito  to  that  of  St.  Bartolomeo  (a 
distance  of  4  kilometres),  without  its  being  possible  for  the  lateral 
stations  of  Varignano  and  Palmaria,  situated  a  few  kilometres  outside 
the  junction  of  the  transmitting  station  of  St.  Vito  with  the  receiving 
one  of  St.  Bartolomeo,  to  receive  any  signal. 

Further  experiments  were  conducted  between  the  radio- telegraphic 
station  of  Monte  Mario  (Rome)  and  Anzio  (a  distance  of  60  kilometres) 
in  the  months  of  August,  October,  and  November,  1903,  with  the 
same  object. 

The  patentee  asserts  that  when  the  radiator  was  turned  towards 
Anzio  the  signals  were  received  perfectly,  whilst  they  ceased  when, 
the  energy  employed  being  the  same,  the  radiator  was  turned  towards 
Sardinia. 

Experiments  were  also  tried  in  the  months  of  March  and  April, 
1904,  between  the  wireless  telegraph  station  of  Monte  Mario  (Rome) 
and  that  of  Ponza  (a  distance  of  120  kilometres).     It  is  said  to  have 

**  See   British  patent  specifioations  of  Alessandro   Artom,  No.   26,895,   of 
November  29, 1902,  and  No.  9408,  of  April  25, 1908. 
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been  ascertained  that  it  was  possible  to  send  very  clear  signals  to  the 
receiving  station  of  Ponza,  and  that  one  could  also  treble  the  energy 
wherewith  such  electromagnetic  signals  were  produced,  without  its 
being  possible  for  the  receiving  station  located  in  the  island  of 
Maddalena,  and  situated  laterally  outside  the  junction  of  Monte 
Mario  with  the  island  of  Ponza,  to  perceive  any  signal. 

Experiments  executed  in  the  months  of  August,  October,  November, 
and  December,  1904,  between  the  wireless  telegraph  station  of  Monte 
Mario  (Rome)  and  that  of  the  island  of  Maddalena  (a  distance  of  260 
kilometres).  These  experiments  are  asserted  to  have  confirmed  the 
preceding  ones. 

It  vnll  be  interesting  to  know  if  further  researches  confirm  the 
advantage  said  to  be  obtained  by  the  employment  of  such  circularly 
polarized  electromagnetic  radiation. 

On  the  whole,  however,  it  cannot  be  said  that  any  of  the  proposed 
substitutes  for  true  electric  resonance,  as  a  means  of  securing  the 
privacy  of  wireless  telegraphic  communication,  have  been  very  success- 
ful. Either  they  involve  apparatus  of  considerable  complexity,  or  else 
they  fail  to  fulfil  in  practice  the  hopes  of  their  inventors,  by  reason  of 
the  fact  that  the  said  inventors  lose  sight  of  the  fact  that  much  which 
is  possible  with  continuous  radiation  ceases  to  be  possible  when  we 
are  dealing  with  intermittent  trains  of  damped  waves. 

The  systems  which  give  greatest  promise  of  privacy  for  naval  use 
are  those  which,  like  that  of  Anders  Bull,  depend  upon  the  emission 
of  properly  spaced  trains  of  waves,  a  group  of  these  constituting  the 
elementary  signal  or  dot  of  the  Morse  code. 

For  naval  and  war  purposes  the  speed  of  transmission  of  a  message 
is  not  nearly  so  important  as  its  absolute  privacy,  and  the  impossibility 
of  an  enemy  mutilating  the  record,  or  preventing  the  reception. 

A  great  deal  of  information  can  be  compressed  into  a  single  word 
by  the  use  of  a  code,  but  then  the  absolute  accuracy  of  every  signal 
becomes  supremely  important. 

For  this  purpose,  also,  automatic  sending  by  punched  tapes  has  a 
great  advantage.  The  message  can  be  punched  in  sections  and  care- 
fully read  before  being  passed  through  the  transmitter,  and  can  be 
sent  several  times  over  with  absolute  accuracy  as  regards  spacing  and 
lettering. 

Up  to  the  present  inventors  appear  to  have  been  more  attracted 
by  the  conquest  of  great  distances  and  high  speed  rather  than  great 
accuracy  and  precision.  It  is  a  well-known  f&ct  that  the  majority  of 
messages  (90  per  cent.)  sent  by  submarine  cable  are  in  code,  and 
often  the  change  of  a  letter  would  involve  serious  or  costly  mistakes. 
Hence,  although  hand  sending  and  ear  reception  by  telephone  have 
great  advantages  for  the  ordinary  conversational  or  even  press  news 
messages,  there  can  be  no  doubt  but  that  for  the  transmission  of 
commercial  messages  on  which  financial  results  depend,  accuracy 
is  the  more  important  quality,  and  no  matter  what  the  speed  or 
distance,  confidence  will  not  be  obtained  unless  the  communicators 
are  assured  by  experience  of  the  same  degree  of  accuracy  with  wire- 
less transmission  as  with  submarine  cable  transmission  generally. 

When,  however,  we  remember  that  submarine  cable  telegraphy 
has  more  than  fifty  years'  experience  behind  it,  whilst  electric  wave 
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wireless  telegraphy  has  not  yet  ten,  we  may  well  take  encouragement 
from  the  great  progress  of  the  latter  to  believe  that  still  more  important 
achievements  are  in  store  for  the  method  of  telegraphy  by  imgoided 
electromagnetic  waves. 

14.  Legislation  on  the  Subject  of  Wireless  Tele^pby. — 
The  increasing  importance  of  wireless  telegraphy  in  connection  with 
naval  operations  caused  the  principal  maritime  powers  in  the  world 
to  make  it  a  subject  of  legislation  between  1900  and  1904.  In  addition, 
the  work  of  the  Marconi  Wireless  Telegraph  Company,  in  organizing 
a  splendid  system  of  inter-communications  between  ships  at  sea 
and  the  shore,  and  its  increasing  importance,  naturally  drew  the 
attention  of  other  nations  to  the  commercial  value  of  this  form  of 
telegraphy. 

With  the  professed  object  of  increasing  these  public  faciUties,  the 
German  Government  called  an  International  Conference  on  the  subject 
of  wireless  telegraphy  in  1903,  which  commenced  its  sittings  in  the 
Imperial  Post  Office  at  Berhn,  in  August,  1903.  Eepresentatives  from 
the  European  Powers  and  the  United  States  were  invited  to  assemble 
and  discuss  the  subject  of  International  Legislation  of  Wireless 
Telegraphy,  with  the  ostensible  purpose  of  ehminating  special  interests 
and  developing  the  art  for  the  common  benefit  of  seafaring  people. 

At  this  Conference,  representatives  of  Great  Britain,  the  United 
States,  Prance,  Germany,  Italy,  Austria-Hungary,  Russia,  and  Spain, 
were  in  attendance,  and  the  secretary  of  the  German  Post  Office 
opened  the  proceedings. 

The  German  proposals  were  then  laid  before  the  Conference  by 
Herr  Sydow,  Under-Secretary  of  the  Post  Office.  The  motive  which 
prompted  the  issuance  of  an  invitation  to  this  Conference  on  the  part 
of  the  German  Government  was  undoubtedly  the  desire  to  prevent,  if 
possible,  a  ship  to  shore  telegraphy  from  falling  entirely  into  the  hands 
of  a  single  corporation  or  country. 

The  Marconi  Wireless  Telegraph  Company  of  England,  formed  to 
conduct  and  apply  commercially  Mr.  Marconi's  inventions,  was 
naturally  not  achninistered  on  purely  altruistic  principles,  but  being 
a  commercial  organization,  and  having  made  a  large  expenditure  of 
its  shareholders'  money  in  bringing  these  inventions  into  a  condition 
in  which  they  could  become  commercially  remunerative,  looked  for 
an  adequate  retiun  on  the  capital  so  expended.  By  skilful  manage- 
ment and  wise  prevision,  they  had  entered  into  contracts  with  foreign 
and  Colonial  Governments,  as  well  as  with  the  Corporation  of  Lloyds, 
the  result  being  to  build  up  a  splendid  organization  securing  the  utmost 
possible  facihty  and  unity  for  maritime  communications  by  means  of 
electric  wave  wireless  telegraphy. 

The  German  Government  were  anxious  to  secure  that  all  wireless 
telegraph  messages  to  and  from  ships  should  be  taken  and  transmitted 
without  distinction  of  systems,  that  is  to  say,  that  a  Marconi  coast 
installation,  say  in  England,  or  on  a  ship  at  sea,  should  be  bound  to 
send  messages  to,  or  accept  messages  from,  a  ship  equipped  with 
German  apparatus.  Such  a  free  use,  however,  of  the  Marconi  system 
and  organization  by  foreign  competitors  would  no  doubt  have  been 
very  advantageous  to  them,  but  it  does  not  follow  that  the  pubhc 
interests  would  have  been  better  served,  whilst  a  grave  injustice  would 
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have  been  done  to  those  who  had  borne  the  burden  of  creating  the 
system  and  appliances  necessary  for  bringing  this  invention  into 
practical  use. 

The  result  of  the  Conference  was  that  the  majority  of  the  repre- 
sentatives of  the  European  Powers  adopted  two  resolutions,  which  it 
was  hoped  might  afford  a  basis  for  a  further  conference.  These  were 
as  follows : — 

1.  The  coast  stations  should  be  obliged  to  receive  and  transmit 
all  telegrams  from  and  to  ships  at  sea,  without  respect  to  the  system, 
in  order  to  facilitate  communication  between  the  ships  and  stations. 
As  far  as  possible,  all  necessary  technical  information  as  to  their 
equipment  should  be  pubhshed.  It  should  be  the  duty  of  these 
stations  to  give  precedence  to  telegrams  relating  to  shipwrecks  and 
appeals  for  help  for  ships.  It  is  further  provided  that  the  States  in 
question  should  fix  a  tariff  for  forwarding  communications  which 
should  be  based  on  the  tariff  now  in  force  for  ordinary  telegrams, 
plus  a  special  charge  for  the  use  of  wireless  telegraph  telegrams,  the 
latter  charge  fixed  at  such  a  figure  that  the  due  remuneration  is  paid 
for  the  services  of  wireless  telegraphy.  Tariffs  shall  in  all  cases  be 
based  on  the  number  of  words.  The  rates  are  to  be  fixed  with  the 
consent  of  the  company  on  which  the  land  stations  are,  or  the  country 
whose  flag  is  carried  by  the  ships*  stations. 

2.  In  other  respects  it  is  provided  that  the  wireless  telegraph 
service  shall  be  so  regulated  that  the  individual  stations  disturb  one 
another  as  little  as  possible. 

A  number  of  technical  provisions  were  also  made,  intended  to 
secure  the  best  and  most  profitable  working  of  wireless  telegraphy. 

A  protocol  agreeing  with  the  above  resolutions  was  signed  by 
representatives  of  Germany,  Austro-Hungary,  Spain,  United  States, 
France,  and  Eussia.  The  United  States  pointed  out,  however,  that 
American  law  would  prevent  the  Government  from  forbidding  the 
company  to  erect  a  signalling  station  because  that  company  refused 
to  exchange  telegrams  with  stations  in  another  coimtry  equipped  with 
a  different  system. 

Great  Britain  and  Italy  took  up  a  different  position.  The  Itahan 
Government  having  already  entered  into  an  agreement  with  Mr. 
Marconi  to  use  his  system  exclusively  for  fourteen  years,  and  not  to 
exchange  telegrams  with  stations  equipped  with  other  systems,  the 
Italian  delegates  were  consequently  prevented  from  agreeing  to  the 
above  resolution  or  to  that  part  of  it  which  would  be  in  contravention 
with  this  agreement. 

The  British  delegates  intimated  that  they  would  lay  the  results  of 
the  preliminary  Conference  before  their  Government;  they  took 
exception  particularly  to  the  first  article  of  the  protocol. 

Although  it  was  intended  that  this  Conference  should  be  the 
precursor  of  another,  yet  it  is  clear  that  German  diplomacy  has  not 
been  entirely  successful  in  bringing  about  the  desired  result  as  a 
consequence  of  this  preliminary  Conference. 

In  the  year  1904  the  British  Government  felt  the  importance  of 
controlling  by  legislation  the  use  of  wireless  telegraphy,  so  that  irregular 
or  nefarious  operations  might  be  prevented.  An  Act  was  accordingly 
passed  through  the  two  Houses  of  Parliament  and  received  the  Royal 
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Assent  in  August,  1904,  entitled  "  An  Act  to  provide  for  the  Begulatdon 
of  Wireless  Telegraphy  "  (August  16,  1904). 

In  this  Act  (see  Appendix  I.)  it  was  provided  that  no  person  should 
establish  or  work  a  wireless  telegraph  apparatus  in  Great  Britain  or 
on  a  British  ship  except  under  licence  from  the  Postmaster-Greneral. 
Licences  were  to  be  granted  either  for  commercial  purposes  or  ship  to 
shore  communications,  or  else  under  regulation  for  purely  experimental 
purposes.  It  was  furthermore  decreed  that  this  Act  should  continue 
in  force  until  July,  1906,  and  no  longer,  unless  Parliament  otherwise 
determines. 

In  February,  1906,  an  Amendments  Act  was  passed,  extending  the 
operation  of  the  Act  of  1904  for  a  further  six  years. 


CHAPTEB  IX 
THE  PRINCIPLES  OF  ELECTRIC   WAVE  TELEGRAPHY 

1.  General  Prinoiples  of  Electric  Wave  Telegraphy. — ^We  have 
seen  that  electric  wave  telegraphy  is  based  upon  tne  production  of  an 
undulation  or  disturbance  of  a  particular  kind,  created  in  the  ffither 
at  some  generating  station,  and  propagated  in  the  space  above  the 
surface  of  the  earth  in  all  directions  round  the  radiator.  This  effect 
is  described  as  a  train  of  electromagnetic,  electric,  or  Hertzian  waves. 
It  can  be  detected  at  a  distance  by  means  of  appliances  collectively 
described  as  cymoscopes,  and  can  be  so  controlled  as  to  be  interpretable 
in  the  form  of  intelligible  signals.  These  signals  are  made  on  the 
universally  accepted  Morse  International  Code,  and  consist  of  two 
signs,  one  called  a  dot  and  the  other  a  dash,  grouped  in  various  ways 
to  form  letters,  words,  and  numbers.  The  telegraphic  alphabet  as 
employed  in  the  British  Postal  Telegraph  Service  and  also  in  wireless 
telegraphy  is  as  follows.  The  unit  is  the  dot  signal,  which  may  either 
consist  in  a  short  mark  made  on  a  strip  of  paper,  Morse  telegraphic 
tape,  or  a  short  sound,  tick,  or  buzz  made  by  a  telephone  or  a  brief 
deflection  of  a  galvanometer  needle  or  spot  of  Ught.  A  dash  signal  is  a 
longer  mark,  sound,  or  deflection,  equal  in  magnitude  or  duration  to  three 
dots.  A  dot  space  is  a  blank  equal  in  duration  to  a  dot,  left  between  the 
signs  forming  a  letter,  and  a  dash  space  is  a  blank  equal  in  duration  to 
a  dash  left  between  letters  forming  a  word.  A  space  equal  to  five  dots 
is  allowed  between  words,  and  a  longer  space  between  sentences. 
The  following  signs  form  the  code : — 

The  Alphabet. 

N 

S 

T    

2  N 
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The  Numerals. 
1 6 

4 9 

5 0 


Signs. 
Understand  —  —  —  —  — 

Go  on  —  —  — 

Call  signal  —  —  —  — - 

A  full  stop  —  —        —  —     .   —  — 

An  apostrophe  —  ^—  -^—  ^—  — ^—  — 

If,  therefore,  the  trains  of  electric  waves  sent  out  from  the  trans- 
mitting station  can  be  controlled  as  to  the  duration  of  their  groups, 
that  is  to  say,  a  greater  or  less  number  of  groups  of  wave  trains  sent 
out,  and  if  these  can  be  made  to  influence  for  a  longer  or  shorter  time 
some  recipient  device  giving  visible  or  audible  signals  of  corresponding 
duration,  we  have  the  means  of  transmitting  the  words  of  any  language 
which  is  alphabetic. 

In  the  case  of  Chinese,  Japanese,  and  other  non-alphabetic 
languages,  the  ideographs  can  be  numbered,  and  the  numbers  trans- 
mitted and  then  translated. 

Generally  speaking,  if  the  signal  made  at  the  receiving  end  is 
visual,  the  receiver  is  called  telegraphic,  but  if  it  is  audible  and  heard 
in  a  telephone,  the  reception  is  called  telephonic.  There  is  no  true 
scientific  distinction  between  the  two  methods ;  the  telephone  when 
used  in  this  manner  is  a  telegraphic  instrument  of  a  particular  kind, 
making  an  audible  signal,  just  as  a  buzzer  or  Bright's  bell  are  other 
forms. 

The  signals  can,  of  course,  be  sent  in  ordinary  conversational 
words  or  in  code  words,  and  by  far  the  larger  poi^tion  of  all  commercial 
and  naval  inteUigence  is  transmitted  by  special  code.  There  are 
considerable  advantages  in  the  reception  of  a  message  by  some  form 
of  receiver  which  prints  it  down  on  paper  tape,  as  we  then  possess 
a  record  which  subsequently  can  be  critically  considered,  and  any 
errors  or  obscurities  in  it  perhaps  rectified  by  experienced  guessing. 
Whereas  the  failure  to  receive  rightly  a  single  letter  or  word  on  the 
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telephonic  method  cannot  be  overcome  in  the  same  manner.  On  the 
other  hand,  the  telephonic  methods  generally  admit  of  greater  speed, 
as  the  appeal  is  made  directly  to  the  ear,  and  the  essential  inertia  of 
the  recording  device  is  absent.  In  the  same  manner,  automatic 
sending  by  means  of  punched  tape  has  great  advantages  over  ordinary 
hand  sending,  in  speed,  spacing,  and  accuracy.  The  most  usual 
obstacle  to  intelligibility  is  bad  spacing  in  letters  and  words.  Great 
precision  is  necessary  to  secure  the  perfect  exactness  in  time  duration 
of  the  signs,  sounds,  or  deflections  which  constitutes  good  sending  on 
the  Morse  code.  Moreover,  each  hand  sender  has  his  own  peculiarities, 
and  can  be  recognized  by  these,  just  as  each  individual  has  his  own 
caligraphy.  Hence  the  advantages  of  automatic  sending  by  means 
of  punched  tape  are  considerable. 

The  transmitting  apparatus  involves  the  following  elements  : — 

(i.)  The  radiator-  or  antenna,  including  the  earth  plate  or  else  the 
balancing  capacity. 

(ii.)  The  arrangements  for  producing  the  electric  oscillations  in 
the  antenna,  including  a  spark  gap  and  some  form  of  capacity  which 
is  charged. 

(iii.)  The  source  of  electromotive  force  or  charging  voltage. 

(iv.)  The  key  or  controller  for  starting  and  stopping  the  oscillations. 

At  the  receiving  station  the  apparatus  may  be  analyzed  into — 

(i.)  The  receiving  antenna  and  earth  plate  or  balancing  capacity. 

(ii.)  The  cymoscope  or  wave  detector  and  associated  oscillatory 
circuits. 

(iii.)  The  recording  or  signal  producing  instrument. 

Each  wireless  telegraph  station  is  equipped  with  both  sending  and 
receiving  apparatus,  and  the  antenna  is  usually  common  to  both,  or 
used  for  sending  and  receiving  alternately.  For  this  purpose  it  is 
switched  over  from  the  transmitter  to  the  receiver  as  required. 

We  shall  proceed  to  discuss  some  of  the  scientific  questions 
involved  in  the  working  and  construction  of  this  apparatus. 

2.  The  Aerial  Wire  or  Antenna,  its  Construction  and  Support. 
— The  simplest  form  of  radiator  or  antenna  is  a  single  metallic  wire 
upheld  in  a  nearly  vertical  position  by  an  insulator  from  a  mast,  tower, 
or  chimney,  the  said  wire  being  either  bare  or  insulated.  As  regards 
material,  tinned  hard-drawn  copper  wire,  bare  or  else  insulated  with 
indiarubber,  is  generally  employed.  The  wire  may  be  solid  or  stranded, 
a  stranded  wire  of  tinned  copper  7/20  or  7/22  S.W.G.  being  a  con- 
venient size.  Bare  iron  wire  cannot  be  used,  as  its  magnetic  qualities 
would  damp  out  tlie  oscillations  too  quickly.  If,  however,  the  iron  is 
thickly  galvanized  and  painted,  it  may  be  employed.  The  Author  has 
successfully  employed  aluminium  wire  for  antennas.  As  the  high 
frequency  oscillations  are  entirely  on  the  surface  of  the  wire,  specific 
resistance  does  not  come  in  question.  The  only  qualities  of  the 
aerial  wire  with  which  we  are  concerned,  other  than  magnetic  per- 
meabihty,  are  tensile  strength,  durability,  weight,  and  cost  per  pound 
or  kilogramme.  Since  the  specific  gravity  of  aluminium  is  2*7,  and 
that  of  copper  8-9,  a  given  size  and  length  of  copper  wire  will  weigh 
rather  more  than  three  times  that  of  a  similar  aluminium  wire. 

The  tensile  strength  of  pure  aluminium  is  5*27  tons  per  square 
inch,  and  that  of  hard  copper  is  about  15  tons  per  square  inch. 
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Alloys  of  aluminium  are,  however,  now  prepared  having  nearly  the 
same  density  as  pure  aluminium,  hut  a  tensile  strength  equal  to  that 
of  hard-drawn  copper.  The  price  of  copper  is  at  present  ahout  £70 
per  ton,  whilst  that  of  aluminium  is  about  £150  per  ton.  Hence  an 
aerial  wire  of  any  given  diameter  and  length  in  aluminium  ydll  weigh 
one-third  and  cost  one-half  of  an  equal-sized  wire  in  copper.  Ex- 
perience has  shown  that  if  galvanic  action  is  avoided  by  not  making 
contact  between  it  and  other  metals,  aluminium  will  stand  very  weU 
the  action  of  town  or  sea  air. 

The  Author  has  had  in  use  at  University  College,  London,  for  two 

years,  an  aluminium  aerial  with  satisfactory  results,  the  cost   and 

weight  of  which  was  much  less  than  that  of  an  equal-sized  copper  one. 

In  the  case  of  large  aerials  the  element  of  weight  is  important,  and 

the  use  of  aluminium  or  alloys  of  alumininni 

having  a  density  not  exceeding  3  and  tensile 

strength  not  less  than  20  tons  per  square  inch, 

as  material  for  the  aerial  wire,  will  be  found 

advantageous. 

The  aerial  wire  has  to  be  upheld  in  a  vertical 
position,  and  the  usual  method  is  to  suspend  it 
from  a  mast  or  tower.  In  Marconi's  earliest 
experiments  he  employed  metal  cans  placed 
hat-wise  upon  wooden  poles  and  connected  by 
a  wire  with  the  oscillation  producer.  In  his 
fundamental  patent  he  describes  metal  plates 
suspended  from  wooden  frames,  and  in  some  of 
his  earUest  demonstrations,  as  in  his  first  trans- 
atlantic achievement,  he  employed  kites  and 
balloons  to  sustain  the  wire  (see  Fig.  1,  Chap. 
VII.). 

The  next  improvement  was  to  erect  a  ship 
mast  on  shore  and  suspend  the  wire  from  a 
sprit  or  gaff  braced  at  the  top.  Marconi  em- 
ployed in  his  cross-channel  work  between  Eng- 
land and  France,  in  1899,  150-feet  masts  in 
three  sections,  strongly  stayed  with  hemp  ropes. 
For  his  earliest  work  at  Poldhu  and  Nova 
Scotia,  200-feet  masts  were  erected,  each  put 
up  in  four  sections,  and  a  ring  of  such  masts  was  used.  The  masts 
were  supported  by  steel  wire  stays  divided  into  sections  by  dead-eyes. 
For  the  permanent  Poldhu  and  Nova  Scotia  and  other  Marconi 
power  stations,  wooden  lattice  towers  were  erected,  strongly  cross- 
braced  and  stayed  (see  Fig.  17,  Chap.  VII.).  J.  J.  Stone  has  recently 
suggested  the  use  of  metal  lattice  towers  divided  into  sections  by 
insulating  material.^  It  would  probably  be  difficult  to  secure  a 
sufficient  insulation  conjointly  with  mechanical  strength,  and  ex- 
perience has  shown  that  the  form  of  wooden  lattice  tower  adopted  by 
Marconi  meets  all  requirements. 

In  the  case  of  ships  or  hghtships,  it  is  usual  to  add  a  gaff  to  the 
existing  masts  to  gain  greater  height.     In  some  cases  two  gaffe  are 
used,  and  from  a  stay  between  them  the  aerial  wires  suspended.     This 
»  See  J.  J.  Stone,  British  Patent  Specification,  No.  29,146  of  1904. 


Fig.  1.— Antenna  In- 
sulator. (Fleming.) 
E,  ebonite  tube;  P, 
ebonite  plug ;  S,  brass 

C;  W,  oak  cross 
;  6,  bell-shaped 
metal  protector;  L, 
suspension  loop. 
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was  done  in  the  case  of  the  Italian  warship  Carlo  AlUrto,  placed  at 
Mr.  Marconi's  disposal  by  the  Italian  Government  for  experimental 
purposes  (see  Fig.  18,  Chap.  VII.). 

The  sufficient  insulation  of  the  aerial  at  the  top  is  an  important 
matter.  It  was  at  first  customary  to  employ  a  simple  ebonite  rod 
attached  to  the  gaff,  from  the  lower  end  of  which  the  wire  was 
suspended.  Later  flanged  and  shielded  ebonite  rods  have  been 
employed.  The  Author  has  designed  and  used  for  some  time  an 
effective  form  of  insulator  made  as  follows:  A  thick  ebonite  tube, 
EE,  has  a  recess  turned  out  at  the  top  (see  Fig.  1).  In  the  interior 
of  the  tube  a  brass  rod,  S,  fits  tightly,  the  upper  end  of  which  is 
formed  like  the  head  of  a  pin.  This  head  lies  in  the  cupped  recess  of 
the  ebonite,  and  an  ebonite  plug,  P,  is  then  tightly  fitted  in  with 
Chatterton's  compound.  The  ebonite  tube  is  gripped  outside  by  a 
cross  bar  of  oak,  W,  which  carries  also  a  brass  suspension  loop,  L. 


I 


/i\\ 


a. 


i 


T 


Fig.  2.— Various  Forms  of  Antenna  used  in  Electrio  Wave  Telegraphy,  a,  plain 
aerial  wire ;  &,  wire  with  capacity  plate  at  top ;  c,  multiple  wire  antenna ;  d^ 
fan-shaped  antenna;  e,  cage  or  quadruple  vrire  antenna;  /,  double  cone 
antenna. 

The  result  of  this  construction  is  that  the  ebonite  is  under  compres- 
sional  and  not  tensional  strain,  and  is  able  to  stand  a  greater  pull 
between  the  loop  and  eye  of  the  pin. 

In  addition,  a  wider  metal  tube,  b,  is  fitted  to  a  ring  embracing  the 
ebonite  rod,  and  this  tube  is  made  water-tight  at  the  upper  end  so  that 
the  metal  tube  acts  as  a  petticoat  to  keep- the  ebonite  rod  dry.  The 
lower  end  of  the  brass  rod  is  formed  into  a  loop  to  which  the  aerial 
wire  is  attached,  and  the  ebonite  insulator  is  suspended  from  the  gaff 
of  the  mast.  In  some  cases  a  chain  of  two  or  three  such  insulators 
can  be  employed.  The  aerial  wire  on  board  ship  sometimes  requires 
tying  back  to  keep  it  clear  of  rigging,  and  in  this  case  the  tie-backs  or 
stays  must  be  connected  to  insulators  of  the  above  kind. 

In  place  of  a  single  wire  antenna  two  or  four  wires  may  be 
employed,  arranged  in  parallel  and  connected  at  the  ends  to  the  arms 
of  a  wooden  cross. 

Such  multiple  wire  aerials  may  take  several  forms.     They  may 
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take  the  form  of  parallel  wire  or  cage-shaped  or  else  fan-shaped, 
conical  or  double-cone  multiple  wire  aerials  (see  Fig.  2). 

In  the  Marconi  power  stations  at  Poldhu  in  Cornwall,  England, 
and  at  Cape  Breton  in  Nova  Scotia,  the  aerials  consist  of  a  large 
number  of  wires  arranged  as  a  square  cone  upheld  by  stays  stretched 
between  four  towers  210  feet  in  height  (see  Pig.  3). 


From  ••  7%e  Electrician." 

Fig.  3.— Marconi  Power  Station  at  Cape  Breton,  Nova  Scotia,  for  Electric  Wave 
Telecjraphy,  showing  the  Antenna  Wires  arranged  in  a  Square  Cone  upheld 
by  Wooden  Lattice  Towers. 

Lodge  suggested  a  form  of  insulated  roof  antenna,  in  which  a 
metal  roof  or  surface  is  carried  on  insulators  on  metal  or  wooden 
supports.  An  effective  form  of  antenna  is  the  umbrella  antenna,  in 
which  a  number  of  nearly  vertical  wires  have  radial  extensions  from 
the  top  dipping  downwards  (see  Fig.  4).  The  advantage  of  a  multiple 
antenna  is  that  it  has  a  larger  capacity,  and  therefore  yields  a  longer 
wave  length,  than  a  single  wire  of  tlie  same  length.     Moreover,  since 
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the  resistance  of  a  spark  gap  is  less  the  greater  the  current  passing 
across  it,  the  use  of  aerials  of  large  capacity  has  a  beneficial  effect 
in  reducing  the  damping  of  the  wave  train  emitted  by  them.  In 
addition  to  this,  the  subdivision  and  separation  of  the  mass  of  the 
antenna  into  separated  portions  greatly  reduces  the  effective  induct- 
ance, and  so  aids  the  increase  of  the  antenna  current. 

3.  The  Predetermination  and  Measurement  of  the  Capacity 
of  an  Antenna. — A  single  insulated  wire  or  rod  erected  in  air  in  a 
nearly  vertical  position  has  a  certain  capacity  with  respect  to  the 
earth,  and  we  may  consider  that  the  wire  forms  the  inner  coating  of 
a  Leyden  jar,  of  which  the  earth's  surface  is  the  outer  coating  and  the 
space  round  the  dielectric.     We  have  shown  (see  Chap.  II.  §  7)  that 


Fio.  4.— Umbrella  Antenna. 

the  capacity  of  such  a  circular-sectioned  wire  of  length  /  and  diameter 
(I  cms.  is  given  by  the  formulae — 

C  (in  electrostatic  units)  =  i. (1) 

2  log.  ^ 

d 


or  C  (in  microfarads)  = 


I 

4-6052  log,o  ^/  X  9  X  la- 
d 


.      .       ,  X       0-241/ 
or  C  (m  micro-microfarads)  =  a. (2) 

log..  -, 

We  have  given  one  instance  to  show  that  these  expressions  will  in 
general  assign  a  capacity  rather  smaller  than  that  given  by  actual 
measurement,  since  the  formula  is  based  on  the  supposition  that  the 
earth  is  at  a  considerable  distance  from  the  wire.  Nevertheless,  if 
we  desire  to  predetermine  approximately  the  capacity  of  a  single  very 
thin  vertical  aerial  wire  having  one  end  near  the  earth,  we  can  do  so  by 
increasing  the  value  given  by  the  above  formuleB  by  about  10  per  cent. 
Thus  a  wire  0*1  inch  in  diameter,  7/22  S.W.G.  in  size,  and  200  feet 
long,  upheld  in  a  nearly  vertical  position  with  base  near  the  earth, 
was  found  to  have  a  capacity  of  000038  mfd.,  whereas  the  above 
formula  would  predetermine  it  to  be  000033  mfd. 
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It  has  already  been  pointed  out  that  if  a  number  of  insulated 
wires  or  strips  are  placed  parallel  and  near  to  each  other,  the  acto&l 
measured  capacity  falls  short  of  the  sum  of  the  capacities  of  each  wire 
taken  alone  and  separate  in  space,  by  an  amount  which  is  greater 
as  the  wires  are  nearer  together.  This  is  shown  by  the  figures  in 
Table  I.,  obtained  in  the  Pender  Laboratory,  University  College, 
London. 

A  number  (1  to  11)  of  flat  iron  strips  about  1  inch  wide,  15  feet 
long,  and  005  inch  thick,  were  hung  up  in  a  large  room,  and  the 
capacity  measured  with  the  strips  at  different  distances  apart.  The 
results  in  arbitrary  units  were  as  follows : — 


Table  I. 

DisUnce  apart  in  inches. 

Number  of 

1 

Sum  of  separate 
capacities. 

strips. 

1 

1 

1      12  inches. 

6  inches. 

,       3  Inches. 

In  contact 

1 

1-00 

1-00 

100 

100 

10 

2 

1-74 

1-46 

1-84 

1-19 

2-0 

8 

2-81 

1-80 

1-61 

1          1-27 

8-0 

4 

2-79 

210 

1-85 

1-44 

4-0 

5 

8*28 

2-42 

1         2-08 

1-46 

6-0 

6 

1         8-76 

2-70 

2-21 

1-64 

6-0 

7 

1         4-18 

2-98 

2-86 

1-69 

7-0 

8 

4-61 

8-26 

2-62 

;         1-72 

8-0 

9 

6-08 

8-61 

I         2-68 

1         1-81 

90 

10 

6-46 

8-77 

1         2-82 

1         1-96 

10-0 

11 

6-90 

4-00 

2-97 

1         1-99 

11-0 

This  result  shows  that  if  a  large  number  of  wires  are  arranged  in 
parallel  to  form  a  cage  or  conical  aerial,  the  capacity  of  the  whole  is 
not  nearly  equal  to  that  of  the  sum  of  the  separate  wires  when  very 
far  apart. 

From  other  experiments  the  writer  has  found  that  four  equal  and 
parallel  wires,  placed  at  a  distance  of  about  one-fiftieth  of  their  length 
apart,  have  only  twice  the  capacity  of  one  wire,  and  twenty-five  wires 
only  about  five  times  the  capacity  of  one  wire. 

Hence,  in  the  case  of  multiple  wire  aerials,  the  only  way  to 
determine  the  capacity  is  to  measure  it  by  means  of  the  methods 
described  in  Chapter  II.,  with  the  rotating  commutator.  However 
complex  in  form,  the  aerial  has  a  certain  capacity  with  respect  to  the 
earth  which  is  best  expressed  in  micro-microfarads. 

We  give  below,  in  Table  II.,  the  measured  results  obtained  in 
certain  definite  cases,  which  will  be  a  guide  in  estimating. 


TABLE  n. 

Capacity  of  Aebial  Wires  or  Ajstesjsm  m  Micbo-micbofabads  (mmfds.). 

1  mmfd.  =  10~'  of  a  microfarad. 

A  vortical  wire  0*1  inch  diameter  and  110  feet  long,  with  bottom 

end  5  feet  from  the  earth  suspended  in  the  open  air    ...     =    205  mmfds. 

A  nearly  vertical  wire  0*1  inch  diameter  and  200  feet  long,  with 

end  near  the  ground  suspended  in  the  open  air =    880       „ 
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A  single  wire  ship  aerial,  wire  about  O'l  inch  diameter  and  150 

feet  long =   800  mmfds. 

A  vertical  wire  0'14  inch  diameter  and  12  feet  long,  hung  up  in 

a  large  room =     82       „ 

A  single  wire  of  O'l  inch  diameter  and  14  feet  long,  suspended 

vertically  in  a  large  room =     40       „ 

Four  vertical  parallel  wires  110  feet  long  and  O'l  inch  diameter, 

spaced  6  feet  apart  at  angles  of  a  square =    588       „ 

Twenty-five  vertical  wires  0*1  inch  diameter  200  feet    long, 

arranged  fan-shape  with  top  ends  about  2  feet  apart    .    .    .     =  1640       „ 

One  hundred  and  sixty  wires,  each  0*1  inch  diameter  and  100 
feet  long,  arranged  conically  with  bottom  ends  together 
10  feet  above  ground  and  top  ends  2  feet  apart =  2685       „ 

Four  vertical  wires  0*1  inch  diameter,  each  45  feet  long,  placed 
fan-shape  in  front  of  a  building  6  feet  apart,  bottom  ends 
10  inches  apart  connected  to  copper  bus  bar =    485       „ 

The  inference  to  be  drawn  from  the  above  figures  is  that,  as  regards 
mere  capacity,  a  few  wires  spaced  far  apart  are  better  than  a  great 
many  close  together.  The  capacity  of  an  aerial  may  be  increased, 
however,  by  adding  metal  cylinders  or  galvanized  iron  wire  netting 
cylinders  at  the  top  to  a  considerable  extent.  Such  capacUy  areas,  as 
they  are  called,  are  electrically  equivalent  to  an  increase  in  length  in 
the  wire. 

Otherwise  a  horizontal  length  of  wire  may  be  added  in  one  or 
both  directions  at  the  top  of  a  vertical  wire,  making  what  is  called  a 
T-shaped  aerial  wire. 

It  can  be  shown  that  the  capacity  of  a  horizontal  wire  of  diameter 
d  cms.  and  length  I  cms.,  placed  at  a  height  of  h  cms.  above  the 
ground,  is  given  in  electrostatic  units  by  the  formula — 

«%-r^ (3) 

and  in  micro-microfarads  (mmfds.)  ^  by  the  expression — 
^      0-2416/  ^         /        1  N 

logio  ^^      4  logjo  ^^ 

Hence,  if  we  construct  a  T-shaped  aerial  or  antenna,  of  which 
the  vertical  member  is  U  cms.  long,  and  the  horizontal  member  Ih  cms. 
long,  and  if  the  wire  is  d  cms.  in  diameter,  the  horizontal  part  being 
h  cms.  above  the  ground,  the  capacity  in  micro-microfarads  would  be 
approximately  given  by  the  formula — 

C  (in  micro-microfarads)  =  0*241 1        ^  ^  +  n  I      f^\ 

(lo&o   /      log,o^) 

or  if  Iv  is  nearly  the  same  as  A,  it  would  be  nearly  given  in  micro- 
microfarads  by  the  expression — 

'  See  J.  A.  Fleming  and  W.  G.  Clinton,  ''On  the  Measurement  of  Small 
Capacities  and  Inductances,"  Phil.  Mag.^  May,  1903,  ser.  6,  vol.  v.  p.  506. 
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C  = 


4  logio 


2^;"^ 


d 


4  logw 


IXf, 


(6) 


As  a  matter  of  fact,  it  would  probably  be  about  10  percent,  greater 
than  the  value  bo  predetermmed  on  account  of  the  proximity  of  the 
lower  end  of  the  vertical  wire  to  the  earth.  It  is  not  strictly  correct, 
however,  to  assume  that  the  total  capacity  of  the  horizontal  and 
vertical  wires  is  the  sum  of  the  capacities  of  each  separately,  since  the 
formulae  for  the  individual  capacities  have  been  obtained  on  the 
assumption  that  each  wire  was  free  in  space.  It  is  not  generally  trne 
that  the  capacity  of  a  body  made  up  of  parts  is  equal  to  the  sum  of 

the  capacities  of  each  part  sepa- 
rately, because  bringing  them  in 
contact  creates  a  change  in  the 
distribution  of  electricity  in  each 
part.     Nevertheless,  for  approxi- 
mate predeterminations  the  above 
formula  may  be  used.     As  an 
instance  of  the  degree  of  diverg- 
ence between  theory  and  practice, 
we  may  give  the  following  values. 
A  horizontal  wire  600  feet  long 
and  0*164  cm.  in  diameter  was 
stretched  6  feet  above  the  ground. 
The  capacity  calculated  by  the 
formula  given   above   was    pre- 
determined to  be  1000  mmfds. 
The  actual  measured  value  was 
1081  mmfds.    The  difference  was 
therefore  8  per  cent.   If  this  wire 
had  been  at  a  higher  elevation 
the  difference  would  have  been 
much  less.    Since  long  horizontal 
spans  of  wire  are  much  cheaper 
to  erect  than  long  vertical  ones, 
we  can  obtain  an  antenna  of  con- 
siderabe  capacity  by  making  use 
of  T-shaped  wires.     The  logical 
extension    of    this    idea    is   the 
umbrella  aerial  or  antenna,  men- 
tioned in  the  previous  section,  consisting  of  a  number  of  wires  starting 
from  a  point  just  above  the  ground,  rising  cone-fashion  to  a  certain 
height,  and  then  passing  horizontally  outwards  in  radial  directions. 
Mr.  Marconi  has  for  some  years  made  great  use  of  this  form  of  aerial 
in  large  and  small  installations. 

Although  the  use  of  horizontal  metal  plates  placed  at  a  height 
above  the  ground  has  been  suggested,  yet  an  aerial  made  in  this 
manner  is  unpractical,  because  the  surface  exposed  to  wind  would 
cause  it  to  be  soon  wrecked. 

It  is  always  desirable  to  measure  the  capacity  of  an  aerial  experi- 
mentally, and  thus  accumulate  experience  as  to  the  capacity  of  given 


Fig.  6. — Mode  of  determining  the  Elec- 
trical Capacity  of  an  Antenna,  A,  by 
means  of  a  Rotating  Commutator,  C, 
Battery,  B,  and  Galvanometer,  G. 
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types  of  antenna.  No  method  is  so  convenient  as  the  rapid  charge 
and  discharge  method  involving  tlie  use  of  the  rotating  commutator 
described  in  Chapter  II. 

The  antenna  A  is  attached  to  the  middle  brush,  and  one  terminal 
of  a  well-insulated  battery,  B,  and  of  a  movable  coil  galvanometer,  6, 
to  each  of  the  outside  brushes  respectively  of  a  rotating  Fleming  and 
Clinton  commutator  (see  Fig.  6).  The  other  terminals  of  battery 
and  galvanometer  must  be  put  to  a  good  earth,  E.  On  setting  the 
commutator  in  rotation,  the  antenna  is  alternately  charged  by  the 
battery  and  discharged  through  the  galvanometer.  The  antenna  must, 
of  course,  be  well  insulated  at  the  top.  The  process  of  calibration  of 
the  galvanometer  and  calculation  of  the  capacity  have  already  been 
described  (see  Chap.  II.,  §  7). 

In  the  case  of  a  plain  or  simple  Marconi  antenna,  the  capacity  of 
the  aerial  is  one  of  the  factors  which  determines  its  energy-storing 
power,  and  hence  its  radiative  efiFect ;  for  if  C  is  the  antenna  capacity 
reckoned  in  microfarads,  and  V  is  the  potential  to  which  it  is  charged 
(reckoned  in  volts),  then  the  energy  stored  up  in  it  before  oscillations 

begin  is  equal  to  ^       --(\^  joules. 

In  the  case  of  the  simple  aerial  with  spark  gap  the  value  of  the 
charging  voltage  can  be  determined  from  the  spark  length  used. 
Thus,  suppose  we  have  a  single- wire  aerial  O'l  inch  in  diameter  and 
180  feet  in  length,  used  as  a  plain  Marconi  aerial  with  1  cm.  spark 
gap,  we  can  calculate  the  energy  storage  as  follows :  The  table  on 
p.  553  shows  that  the  capacity  of  such  an  aerial  will  be  about 
000035  mfd.,  and  the  table  in  Chapter  II.,  p.  154,  giving  the  dielec- 
tric strength  of  air,  shows  that  the  charging  voltage  will  be  about 
30,000  volts.     Hence  the  energy  storage  is — 

000035  x(30000)«^  0.15^ 
2  X  10»  ^ 

or  about  0*125  foot-pound. 

Supposing  this  charging  took  place  50  times  a  second,  as  would  be 
the  case,  perhaps,  when  using  an  ordinary  induction  coil,  the  power 
delivery  is  8  watts.  This  power  is  partly  dissipated  as  heat  in  the  spark, 
and  partly  radiated  as  electromagnetic  wave  energy. 

We  have  already  given  a  formula  for  the  ratio  of  these  portions.' 
With  a  suitable  cymoscope,  such  as  a  Marconi  aerial  and  magnetic 
detector,  this  radiation  could  be  detected  at  a  distance  of  100  miles  or 
more  when  intercepted  by  a  receiving  antenna  of  the  same  height. 
This  gives  an  idea  of  how  exceedingly  small  an  amount  of  energy  is 
necessary  to  afifect  a  suitable  telegraphic  cymoscope. 

In  the  case  of  the  simple  aerial  with  single  spark  gap  there  is  a 
limit  to  the  charging  voltage,  which  can  be  usefully  employed.  The 
resistance  of  the  spark  increases  rapidly  with  its  length,  and  hence,  if 
we  lengthen  the  spark  gap,  say,  beyond  a  centimetre,  the  increase  in 
damping  begins  greatly  to  decrease  the  efficiency  of  the  antenna  as  a 
radiator.     It  is  therefore  an  advantage  to  employ  multiple  spark  gaps 

'  For  the  expression  for  the  efficiency  of  an  antenna  as  a  radiator,  see 
Chap.  III.  §  7,  equation  43. 
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with  plain  aerials,  using,  say,  a  dozen  spark  gaps  of  a  mUlimetre  or 
less  in  series  with  each  other. 

In  the  case  of  an  antenna  not  directly  charged,  but  coupled  in- 
ductively or  directly  to  an  oscillation  curcuit  containmg  a  condenser, 
the  antenna  has  a  much  larger  store  of  energy  to  draw  upon.  This 
is  dissipated  in  several  ways — 

(i.)  As  heat  in  the  spark  in  the  primary  circuit ; 

(ii.)  As  heat  in  the  metallic  portion  of  the  primary  condenser 
circuit ; 

(iii.)  In  the  condenser  in  dielectric  hysteresis  and  brush  discharge ; 

(iv.)  As  heat  in  the  antenna  and  antenna  circuit ; 

(v.)  As  electric  radiation  from  the  antenna. 

We  can  make  an  approximate  estimate  of  the  percentage  of  the 
stored  energy  which  is  radiated,  as  follows : — 

Let  us  assume  that  the  primary  condenser  has  a  capacity  C, 

mfds.,  and  is  charged  to  a  voltage  V^,  as  estimated  from  the  spark 

length,   and    is   discharged   N   times  per  second.      Then  the   rate 

NC  V 
at  which  energy  is  given  out  by  the  condenser  is  -^j — ^j™  watts. 

Let  EJ  be  the  high  frequency  resistance  of  the  primary  circuit,  and 
r  the  resistance  of  the  spark.  Then  if  Li  is  the  inductance  of  the 
primary  circuit,  and  8,  its  resistance  decrement,  we  have — 

B;  +  r  =  4nLA (7) 

where  n  is  the  frequency. 

In  the  same  way,  if  &,  ^^  ^^^  remian/^  decrement  of  the  antenna 
circuit,  and  E^  its  high  frequency  resistance,  we  have*— 

e;-4«la (8) 

Let  Ji  and  Jg  be  the  B.M.S.  values  of  the  primary  or  condenser  circuit 
currents  and  the  antenna  current  respectively,  this  last  being  measured 
at  the  earthed  end  of  the  antenna.  We  can  always  determine  these 
currents  by  the  use  of  hot-wire  ammeters  inserted  between  the 
antenna  and  earth  plate  and  in  the  condenser  circuit.  Accordingly, 
if  we  have  in  use  a  condenser  in  which  we  may  fairly  assume  there 
is  no  dielectric  loss,  the  difference  between  the  power  given  out  by 
the  condenser  and  that  dissipated  as  heat  must  be  the  power  radiated 
by  the  antenna.     Hence  the  value  of  the  expression — 

2^-^^-J!4«L,8.-1JU»LA      ....    (9) 

gives  us  the  radiation  in  watts. 

The  factor  |  is  prefixed  to  the  third  term  because  the  current 
varies  up  the  aerial  in  accordance  with  a  sine  law,  and  is  J,  at  the 
earthed  end  and  zero  at  the  summit  of  the  aerial.  Hence  its  mean 
square  value  is  ^i^. 

The  frequency  n  is  obtained  from  a  measurement  of  the  common 
oscillation  constant  of  the  two  circuits. 

*  It  should  be  noted  that  we  are  not  here  concerned  with  the  radiation  decre- 
ment of  the  antenna. 
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The  values  of  Li  and  La  are  obtained  when  we  know  the  capacities 
of  the  condenser  in  the  primary  circuit  C]  and  that  of  the  aerial  G„ 
for  GiL,  =.  C,La  =  0^  when  the  circuits  are  syntonized,  O  being  the 
oscillation  constant  of  either  circuit. 

If  capacities  are  all  measured  in  microfarads,  inductances  in 
centimetres,  currents  in  amperes,  and  potentials  in  volts,  the  above 
expression  for  the  rate  of  radiation  of  energy  in  watts  is  transformed 
into — 


The  value  of  8,  will  depend  upon  the  spark  gap  length  and 
capacity  Ci  in  the  condenser  circuit.  It  will  be  something  of  the 
order  of  0*03  for  a  spark  of  1  or  2  mm.  in  length,  and  a  capacity  of 
the  order  of  ^  mfd.  The  value  of  S,  will,  in  general,  be  negligible, 
since  there  is  no  spark  gap  in  the  antenna  circuit.  The  exact  value 
of  S]  can  be  obtained  by  means  of  a  resonance  curve,  as-  already 
explained.  For  if  we  allow  the  condenser  circuit  to  act  inductively 
on  another  closed  circuit  of  known  resistance  decrement,  S,,  we  can, 
by  varying  the  inductance  of  this  last  circuit,  determine  the  sum  of 
the  decrements  S,  +  Ss  by  the  resonance  curve,  and  ^  being  known, 
we  thence  find  the  value  of  ^  Thus,  for  instance,  a  primary  circuit 
had  in  it  a  condenser  of  capacity^  mfd.,  and  a  spark  gap  of  1*5  mm., 
charged  50  times  per  second.  The  oscillation  constant  was  7*0,  and 
the  value  of  Ji  was  10  amperes.  If,  therefore,  ^  =  0*03,  we  have  for 
the  energy  W  imparted  to  the  coupled  antenna,  reckoned  in  watts,  the 
value — 

W  =  i .  ^$50  -  I  ^-l^  ^^  =  5*5  watts 
40  50 

and  on  the  assumption  that  the  resistance  decrement  of  the  antenna 
is  negligible,  the  above  is  the  value  of  the  wave  radiation  in  watts. 

4.  The  OflttiUation  Constant  of  an  Intenna.— Every  antenna 
has  its  own  natural  period  of  electrical  vibration,  depending  upon  its 
capacity  and  inductance.  We  may  compare  it  to  a  straight  elastic 
strip  of  steel,  gripped  at  one  end  in  a  vice.  If  we  bend  the  strip  and 
release  it,  it  vibrates  isochronously  with  a  time  period  depending  upon 
its  flexural  elasticity  and  its  mass. 

Consider  the  case  of  a  fan-shaped  antenna  wire  having  a  pair  of 
spark  balls  near  the  base  (see  Fig.  6).  Let  the  balls  be  connected 
with  the  secondary  circuit  of  an  induction  coil,  and  electric  oscillations 
set  up  in  the  wire.  These  are  executed  with  a  certain  definite  time 
period,  depending  upon  the  capacity  and  inductance  of  the  wire.  In 
the  actual  wire  these  two  qualities  are,  so  to  speak,  mixed  up  together, 
or  there  is  so-called  distributed  capacity  and  inductance.  We  can, 
however,  imagine  an  antenna  in  which  the  capacity  is  all  .collected 
at  the  top,  and  the  inductance  alone  left  in  the  wire.  If  the  induct- 
ance of  the  wire  without  capacity  be  denoted  by  L,  and  the  capacity 
at  the  top  is  denoted  by  C,  then  it  is  evidently  always  possible  to  so 
adjust  the  magnitude  of  G  and  L  that  the  hypothetical  simple  antenna 
has  the  same  electrical  time  period  of  oscillation  as  the  real  complex 
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antenna.    In  this  case  the  imaginary  capacity  concentrated  at  the  top 
is  called  the  etjuivaletU  capacity,  and  the  inductance  of  the  vertical  ^mre 

without  capacity  is  called  the  e^^vi- 
valerU  inductance.  If  the  equivalent 
capacity  G  is  measured  in  micro- 
farads, and  the  equivalent  induotance 
L  in  centimetres,  then  the  quantity 
Vol  is  called  the  oscUlaiion  eonsiani 
(0)  of  the  hypothetical  antenna. 

The  time  period  T  of  this  last 
antenna  is  connected  with  its  oscilla- 
tion constant  by  the  relation  T  = 

The  real  antenna,  which  has  the 
same  time  period,  T,  \\rill  also  have 
the  same  oscillation  constant.  We 
can,  therefore,  define  the  oscillation 
constant  of  an  antenna  to  be  numeri- 
cally equal  to  the  product  of  its 
natural  time  period,  T,  and  the  con- 
stant 5  X  10*. 

The  mathematical  predetermina- 
tion of  the  oscillation  constant  of  an 
antenna,  in  any  but  the  simplest 
cases,  presents  great  difficulties.  It 
can,  however,  be  obtained  for  a 
simple  rod  antenna  as  follows : — 
Let  I  be  the  length  in  centimetres 
of  the  antenna  supposed  to  be  a  circular-sectioned  wire  of  diameter 
rf,  and  let  \  be  the  length  in  centimetres  of  wave  radiated  from  it 
when  it  is  giving  its  fundamental  electrical  oscillation.  Then,  since 
the  velocity  of  radiation  is  3  x  10^®  cms.  per  second,  if  T  is  the  natural 
time  period  of  oscillation,  we  must  have — 


^^^vmw 


Fig.  6.— (a)  Real  Fan-shaped  Antenna 
with  Distributed  Capacity,  and 
(6)  Ideal  Antenna  with  Capacity 
localized  at  the  Summit. 


r  =  v 


3  xW 


5\ 


Hence  the  oscillation  constant  0  is  given  ^y  0  =  o"^  im 

The  relation  between  I  and  X  is  usually  stated  to  be  \  =  4/,  but  on 
Mr.  Macdonald's  theory  it  is  A  =  5// 

On  the  first  supposition  we  have  0  =  ^cat.,  and  on  the  second 


0  = 


I 


1200* 

We  can,  to  some  extent,  decide  between  these  formulae  as 
follows : — 

We  have  shown  that  the  actual  capacity  in  microfarads  of  the  rod 
oscillator  is — 


*  See  Mr.  H.  M.  Macdonald,  Adam's  Prize  Essay,  "  Electric  Waves,"  p.  111. 
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C  = 
L 

/ 

and  its  inductance- 

2  log,  *j  X  9 

XlO* 
-l|  cms. 

Also,  we  have  proved  (see  Chap.  III.  §  8)  that  the  equivalent 

2 
capacity  of  such  a  rod  oscillator  is  -  of  its  real  capacity. 

4/ 
In  most  actual  wire  antenna  wires  used  the  ratio    ,  is  near  to 

4/ 
10*,  and  log*    ,  is,  therefore,  nearly  11*5.     The  actual  inductance  of 

<4/\ 
log«    ,  )» 

or  L  is  equal, say, to  jx .  2/Moge  ~y)  c°^^- 

We  can,  therefore,  say  that  the  oscillation  constant  O  of  the  thin 
vertical  rod  oscillator  of  length  /  is  given  by  the  expression — 

°''  °  =  10^  =  1250 '^^'^'y 

This  value  of  O  agrees  more  closely  with  the  deduction  from 
Macdonald's  theory  on  which  X  =  5/,  and  exactly  with  the  relation 
X  =  4-8/.« 

Thus,  suppose  a  simple  Marconi  aerial  wire  or  antenna  to  have 
a  height  of  50  metres,  or  5000  cms.     Then  its  oscillation  constant 

0  =  j2gQ  =  4,  and  its  time  period  ^  =  51.  iqs  second. 

For  multiple  antenna  or  antennse  with  capacity  plates  at  the  top, 
we  cannot  predetermine  the  oscillation  constant,  but  it  can  be  found 
experimentally  with  great  ease  by  means  of  the  Author's  cymometer 
(see  Chap.  VI.  §  15). 

Suppose  any  aerial  or  antenna.  A,  to  be  set  up,  and  that  it  is 
desired  to  ascertain  its  natural  time  period  or  to  adjust  it  to  have  any 
required  time  period.  We  provide  the  aerial  with  a  pair  of  spark 
balls,  S,  at  the  base  inserted  between  the  aerial  and  the  earth  plate, 
and  place  the  Fleming  cymometer,  Gy,  with  its  copper  bar  parallel  to 
and  near  the  base  of  the  aerial  (see  Fig.  7).  We  connect  the  spark 
balls  to  an  induction  coil,  I,  and  set  up  oscillations  in  the  aerial.    The 

•  J.  A.  Pollock  {Journal  of  Boy.  Soc.  of  New  South  Wales,  1903,  vol.  87,  p.  198) 

found  that  for  a  linear  oscillator  of  Hertzian  type  the  ratio  -^  was  between  2*3  and 

2'45.    Hence  for  an  earthed  rod  antenna  it  should  be  between  4*6  and  4*9 ;  and 
this  agrees  with  the  above  deduction  and  closely  with  Macdonald's  theory. 
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handle  of  the  cymometer  is  then  moved  until  the  Neon  vactinin  jtabe 

of  the  cymometer  glows  most  brightly,  and  the  ojrmometer  will  then 

indicate  the  fmidamental  oscillation  con- 
stant of  the  aerial  by  its  scale  reading, 
since  when  the  cymometer  is  in  tune 
with  the  aerial  their  oscillation  constants 
must  agree.  In  making  this  measure- 
ment the  cymometer  should  be  kept  as 
far  away  from  the  aerial  as  possible,  so 
as  to  avoid  increasing  the  capacity  of  the 
aerial.  We  can  then  insert  inductance 
in  the  earth  wire  of  the  aerial,  or  alter  its 
capacity  until  we  give  it  any  required 
oscillation  constant  and  natural  time 
period. 

Thus,  for  instance,  we  may  vary  an 
inductance  inserted  in  series  with  an 
aerial  until  we  give  it  an  oscillation  con- 
stant of  5  or  10,  corresponding  to  a 
natural  time  period  of  one-millionth  of  a 
second  or  one  half-millionth  of  a  second. 
The  measurement  of  the  oscillation 
constant  of  the  aerial  gives  us  at  once 
the  length  of  wave  radiated  from  it  when 
used  as  a  simple  plain  aerial  in  the 
original  Marconi  manner.  For  the  ve- 
locity of  electromagnetic  radiation  being 
3  X  10^®  cms.  per  second,  or  10'  feet  per 
second  nearly,  it  follows  that  the  length 
of  wave  radiated  is  nearly  200  times  the 
oscillation  constant,  when  wave  lengths 

are  reckoned  in  feet,  and  60  times  when  wave  lengths  are  reckoned 

in  metres.     More  exactly,  the  rules  are — 

Wave  length  (in  feet)  =  198-6  x  oscillation  constant 
Wave  length  (in  metres)  =  59'6  x  oscillation  constant 

the  oscillation  constant  being  the  square  root  of  the  product  of  the 
capacity  in  microfarads  and  the  inductance  in  centimetres. 

Thus,  for  instance,  an  aerial  set  up  at  University  CoUege,  London, 
had  the  form  and  dimensions  shown  in  Fig.  8.  The  dimensions  are 
given  in  feet  and  inches.  It  was  arranged  as  a  simple  aerial  73  feet 
long.  By  means  of  the  Author's  cymometer  placed  near  to  the  lower 
horizontal  bend,  the  oscillation  constant  was  determined,  and  foimd 
to  be  185.  Hence  the  length  of  the  fundamental  wave  radiated  is 
370  feet,  and  this  is  very  nearly  five  times  the  total  length  of  the 
aerial,  since  5  X  73  =  365. 

This  measurement  of  the  ratio  of  wave  length  to  antenna  length 
agrees  with  Macdonald's  theory,  and  with  the  confirmation  of  it  just 
given. 

The  above-described  aerial  wire  then  had  an  inductance  coil  of 
wire  60  feet  in  length  inserted  between  the  aerial  and  spark  balls,  this 
coil  being  the  secondary  circuit  of  an  oscillation  transformer  (see 


Fia.  7.— Mode  of  determii^ng 
the  Oscillation  Constant  of 
an  Antenna  by  the  Author*s 
Cymometer.  A,  antenna 
under  test;  Cy,  cymometer; 
S,  spark  balls;  I,  induction 
coil;  ps,  oscillation  trans- 
former with  primary  circuit, 
p,  out  of  operation ;  E,  earth 
plate. 
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Fig.  9).  The  total  length  of  the  open  oscillating  circuit  was  now 
73  +  60  feet,  or  133  feet.  The  oscillation  constant  was  then  found 
to  be  4-85,  and  hence  the  fundamental  radiated  wave  length  was  now 
970  feet.  This  is  nearly  equal  to  five  times  (73  +  2  x  60),  thus 
showing  that  the  60  feet  of  wire  wound  on  a  frame  forming  the 
secondary  circuit  of  the  oscillation  transformer  was  equivalent  to 
much  more  than  60  feet  of  addi- 
tional length  to  the  aerial,  owing 
to  its  greater  inductance  per  unit 
of  length.     Hence  a  great  error 


I 


/jV- 


■/3V'- 


To  InductLoTb 
Coil 


Fig.  8. — Dimensions  of  Antenna  at 
University  College,  London,  used  for 
a  Special  Experiment  as  a  Plain 
Aerial. 


To  IndiuUion 
Coil 


Fig.  9.— The  same  Antenna  as  in  Fig. 
8,  but  with  an  Inductance  Coil  in- 
serted in  Series  with  it  above  the 
Spark  BaUs. 


may  be  committed  in  estimating  the  radiated  wave  length  even  of  a 
single  wire  aerial,  if  it  is  assumed  (as  some  writers  have  done)  that 
the  wave  length  of  the  radiated  wave  is  four  times  the  total  length  of 
wire  composing  the  aerial,  including  that  of  any  coiled  wire  forming 
an  inductance  in  series  with  it.^ 

'  See  Messrs.  W.  Duddell  and  J.  E.  Taylor,  "  Wireless  Telegraph  Measure- 
ments," Journal  Inst.  Elec,  Eng.  Lond.,  1905,  vol.  36,  p.  841. 

2  o 
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In  a  third  case,  a  fan-shaped  aerial  of  four  wires,  each  50  feet 
in  length   (see  Fig.   10),  and  having   the  secondary  circuit  of   an 

oscillation  transformer  in  series 
with  them,  was  tested  in  the 
same  way.  In  this  case  the 
oscillation  constant  was  found 
to  he  6*9,  and  the  radiated  fun- 
damental wave  length  1380  feet. 
The  above  examples  show  how 
much  the  form,  capacity,  and 
inductance  of  the  aerial  affect 
the  wave  length  of  the  radiated 
wave.  Generally  speaking,  great 
errors  have  been  made  in  guess- 
ing or  assuming  the  radiated 
wave  lengths  of  antenna  in  the 
absence  of  careful  measure- 
ments vrith  the  cymometer. 

5.  The  Distributioii  of  Po- 
tential and  Cmrent  in  the 
Simple  Antenna. — When  os- 
cillations are  taking  place  in 
the  aerial,  whether  created  bv 
direct  charge,  as  in  the  original 
Marconi  method,  or  by  coupling 
it  to  another  closed  oscillating 
circuit  directly  or  inductively, 
two  conditions  must  always  hold 
good. 

(i.)  There  must  be  a  current 
node  at  the  upper  or  insulated 
end,  and  a  potential  antinode 
or  loop  at  the  same  place. 

(ii.)  At  the  earth  plate  end 
there  must  be  a  node  of  potential  and  an  antinode  or  loop  of  current. 
On  the  wire  there  will  be  produced,  provided  it  has  a  suitable 
length,  stationary  waves  of  potential  and  current. 

We  have  already  given  (see  Chap.  IV.  §§  1  and  2)  the  theory  of 
the  production  of  such  stationary  waves  on  wires.  A  general  con- 
firmation of  theory  has  been  obtained  from  experiments  made  with 
wire  antennee  by  Drude,  Braun,  Slaby,  Chant,  and  others. 

Consider  first  the  plain  wire  Marconi  aerial.  Theory  shows  that 
when  oscillations  are  excited  in  it  by  disruptive  discharge,  the  funda- 
mental oscillation  is  such  that  the  potential  oscillation  has  no 
amplitude  at  the  earthed  end,  and  a  maximum  at  the  insulated  or 
top  end,  and  that  odd  harmonic  oscillations  can  exist,  viz.  the  3rd, 
5th,  7th,  etc.,  in  which  there  are  1,  2,  3,  etc.,  nodes  of  potential  in 
addition  to  tlie  node  at  the  base,  forming  1^,  2^,  3^,  etc.,  semi-waves 
of  potential  distribution  on  the  wire,  as  indicated  by  the  dotted  lines 
in  Fig.  19  of  Chapter  IV.  In  these  diagrams  the  black  lines  indicate 
the  antenna,  and  the  distance  of  the  dotted  line  from  it  the  potential 
amplitude  at  tliat  point.    In  the  same  manner,  there  will  be  loops  and 


Fia.  10.— DetermiDation  of  the  Oscillation 
Constant  of  a  Fan-shaped  Antenna  by 
the  Cymometer. 
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nodes  of  current  with  the  condition  that  the  free  end  is  a  node  and 
the  earthed  end  a  loop  of  current. 

Experience  shows  that  it  is  not  easy  to  excite  the  higher  harmonics 
in  a  plain  antenna.  The  most  usual  mode  of  oscillation  is  the  funda- 
mental. Thus  F.  Braun  explored  the  potential  distribution  in  a  hori- 
zontal free-ending  wire  attached  at  one  end  to  one  secondary  spark 
ball  of  an  induction  coil,  the  other  ball  being  earthed  or  attached  to  an 
equal  wire  or  capacity.*  Braun  hung  on  to  the  wire  vacuum  tubes  at 
various  places,  each  vacuum  tube  having  a  short  tail  of  wire  attached 
to  its  lower  end,  and  he  found  no  evidences  of  potential  nodes,  but  a 
general  increase  in  potential  along  the  wire  from  the  spark  ball  to  the 
free  end.  Slaby  made  a  more  careful  exploration,  measuring  the 
potential  at  each  point  in  the  antenna  by  means  of  a  spark  micrometer 
consisting  of  a  blunt  metal  point  opposed  to  a  flat  surface  of  carbon, 
the  distance  being  capable  of  adjustment  by  a  fine  screw.'  He 
earthed  one  of  the  secondary  spark  balls  of  an  induction  coil,  and 
attached  to  the  other  a  horizontal  wire  antennsB  10  metres  long  and 
1  mm.  in  diameter.     He  explored  the  distribution  of  potential  along 


—^l 


Fia.  11. — Diagrams  illustrating  the  Besulfcs  of  Slaby's  Experiments  on  the  Dis- 
tribution of  Potential  along  a  Linear  Oscillator.  The  ordinates  of  the 
curved  line  denote  spark  potentials  at  the  corresponding  points  in  the  wire. 

this  wire.  He  found  a  distribution  of  potential  as  represented  by  the 
ordinates  of  the  dotted  line  in  Fig.  11,  showing  the  existence  of  a 
stationary  wave  of  potential  in  the  wire  with  a  minimum  in  the  middle 
of  its  length.  Higher  harmonics  were  absent.  If  two  equal  insulated 
antennae  were  attached  to  the  two  spark  balls,  then  a  regular  distribu- 
tion of  increasing  potential  was  foxmd  in  each  wire,  as  shown  by  the 
ordinates  of  the  dotted  line,  where  the  abscissae  represent  distance 
from  the  spark  balls  of  the  coil,  and  the  ordinates  the  micrometer 
spark  length  or  potentiaJ  amplitude  at  that  point  in  the  antenna. 

G.  A.  Chant  has  also  made  similar  measurements,  using  a  form  of 
Eutherford  magnetic  detector  attached  to  the  horizontal  antenna  by 
which  to  measure  the  potential  or  current  at  that  point  in  the  wire.*® 
He  employed  as  antenna  a  bare  copper  wire  0*7  mm.  in  diameter, 

•  F.  Braun,  Phys.  Zeitschrift,  1900,  vol.  iii.  p.  143. 

•  See  A.  Slaby,  ElektrotechniscJie  Zeitschrift,  1902,  p.  168;  or  The  Electrician, 
1902,  vol.  49,  p.  6. 

^»  See  C.  A.  Chant,  "On  the  Variation  of  Potential  along  Transmitting 
Antenna  in  Wireless  Telegraphy,"  The  American  Journal  of  Science,  January, 
1904,  vol.  17. 
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stretched  horizontally,  and  attached  one  end  to  one  secondary  spark 
ball  of  an  induction  coil,  the  other  ball  being  either  (1)  earthed,  (2) 
attached  to  an  equal  antenna,  or  (3)  left  insulated.  He  varied  the 
length  of  the  antenna  from  500  to  2000  cms.,  and  dehneated  a  series  of 
curves,  the  ordinates  of  which  represent  the  potential  amplitude  in  the 
antenna  and  the  abscissae  distances  from  the  free  end.  In  the  case 
when  one  spark  ball  was  earthed  these  curves  show  a  general  increase 
in  potential  along  the  wire  from  the  spark  balls  to  t£e  free  end,  but 
the  curve  is  somewhat  irregular;  and  in  the  case  of  the  antenna 
1000  cms.  long  there  is  a  decided  minimum  or  node  of  potential  at 
150  cms.  from  the  free  end  (see  Fig.  12,  curves  A). 

In  the  case  when  one  spark  ball  of  the  coil  was  not  earthed  (curves 

C)  there  was  no  general  rise 
of  potential  along  the  antenna 
attached  to  the  other  ball,  but 
a  series  of  nodes  and  loops  of 
potential,  the  nodes  appearing 
at  distances  130,  425,  715, 
1000  cms.  from  the  end  of 
the  antenna  1000  cms.  long. 
These  clearly  correspond  to  a 
stationary  harmonic  oscilla* 
tion  of  3j^  semi-waves  of  po- 
tential, each  having  a  wave 
length  of  580  cms.  For 
3  X  290  +  130  =  1000,  and 
as  we  always  find  that  the 
final  semi-loop  is  less  than 
one  quarter  of  a  wave  length, 
in  fact,  nearly  one-fifth  of  a 
wave  length,  this  agrees  with 
the  above  observations. 

Hence  we  can  say  that  ex- 
periment confirms  the  theory 
that  the  excitation  of  electric 
oscillations  in  a  simple  vertical 
antenna,  earthed  at  its  lower 
end,  through  a  spark  results 
generally  in  the  production  of 
the  fundamental  oscillation  of 
the  antenna  with  a  potential  ampUtude,  increasing  all  the  way  up  the 
wire  from  the  bottom  or  earthed  end  up  to  the  top  or  free  end.  Also 
that  the  length  of  the  wire  comprises  something  rather  less  than  one 
quarter  of  a  wave  of  potential.  Harmonic  oscillations  are  not  readily 
produced  on  such  a  wire,  though  they  can  exist. 

6.  The  Electric  Osoillations  of  an  InductiTely  Coupled  An- 
tenna.— Mr.  Chant  also  studied  the  distribution  of  potential  in  an 
antenna  in  which  the  oscillations  were  excited  inductively  or  by  con- 
tact w^ith  a  closed  oscillating  circuit.  He  varied  the  length  of  the 
antenna  (from  225  to  1000  cms.)  attached  to  one  terminal  of  the 
secondary  circuit  of  the  oscillation  transformer,  the  other  terminal  of 
this  transformer  being  attached  (1)  to  earth,  (2)  to  an  antenna  of 
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Fig.  12.— Curves  obtained  by  Chant,  repre- 
senting the  Potential  Distribution  in  a 
Linear  Oscillator  directly  charged.  Curves 
A,  one  spark  ball  earthed;  Curves  B, 
equal  wires  attached  to  spark  balls;  Curves 
C,  one  spark-ball  insulated. 
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equal  length,  (3)  to  a  large  capacity,  and  (4)  insulated  (see  Pigs.  13 
and  14). 

In  each  case  he  explored  the  potential  distribution,  and  found 
always  a  minimum  of  potential  at  some  distance  between  150  and  200 
cms.  from  the  free  end  of  the  antenna.  In  the  case  of  antennsB  longer 
than  500  cms.,  there  seemed  to  be  a  secondary  maximum  of  potential 
between  450  and  600  cms.  from  the  free  end,  and  a  secondary  minimum 
at  about  750  to  800  cms.  from  the  free  end  (see  Fig.  14). 


Distances  meabubbd  along  th£  Wire 
FROM  THE  Free  End. 


Distances  measured  along  the  Wire 
FROM  THE  Free  End. 


Chant's  Curves  reprosenting  the  Potential  Distribution  in  an  Inductiyely  Coupled  Antenna. 


Fig.  13. — Curves  A.  Inductive  Coupling  of 
Antenna  and  Condenser  Circuit  with 
Balancing  Capacity  at  one  end  of  the 
Secondary  Circuit  of  the  Oscillation  Trans- 
former and  Antenna  attached  to  the  other 
end. 


Pig.  14. — Curves  B.  Inductive  Coupling  of 
Antenna  and  Condenser  Circuit  with  one 
end  of  Secondary  Circuit  of  Oscillation 
Transformer  earthed  and  Antenna  at- 
tached to  the  other. 


In  the  majority  of  instances  there  was  no  agreement  between  the 
natural  time  period  of  oscillation  of  the  condenser  circuit  and  that  of 
the  inductively  or  directly  connected  antenna.  Hence  the  oscillation 
created  on  the  latter  was  a  forced  oscillation,  and  the  distance  from 
the  free  end  of  the  wire  to  the  first  minimum  of  potential  may  be 
taken  as  equal  to  rather  less  than  one  quarter  of  the  wave  length  due 
to  the  closed  circuit  oscillator.  Chant's  conclusions  are  that  by  the 
inductive  method  of  connection  between  non-syntonised  circuits,  we 
excite  in  the  antenna  chiefly  a  forced  oscillation  due  to  the  condenser 
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circuit,  and  that  the  change  in  the  length  of  the  antenna  makes 
but  little  difference  in  the  position  of  the  first  node,  provided  the 
antenna  is  long  enough  to  contain  at  least  one  quarter  of  a  stationar>'^ 
oscillation  due  to  the  condenser  circuit.  On  the  other  hand,  in  the 
case  of  the  simple  Marconi  aerial  and  the  antenna  direct-coupled 
to  a  condenser  circuit,  the  principal  oscillation  is  the  fundamental 
vibration  of  the  antenna  itself;  the  most  effective  arrangement  in 
the  latter  case  being  v^hen  the  fundamental  natural  oscillation  time 
period  of  the  antenna  agrees  with  that  of  the  condenser  circuit  (see 
Fig.  16). 

The  case  to  which  the  chief  technical  interest  attaches,  however, 

is  that  in  which  the  natural 
free  time  period  of  the  con- 
denser circuit  agrees  either 
v^th  the  fundamental  natural 
free  period  of  the  coupled 
antenna  or  vnth  a  harmonic 
of  the  latter,  the  coupling  not 
being  very  close,  that  is,  the 
"coefficient  of  coupling,"  k^ 
being  not  greater  than  0*5. 

We  have  already  con- 
sidered the  theory  of  this 
disposition  (see  Chap.  III. 
§  11).  It  is  implicitly  con- 
tained in  the  theoretical  dis- 
cussion of  the  Tesla  coil,  with 
capacity  in  each  circuit,  given 
by  Oberbeck"  and  others, 
and  has  been  treated  by  G. 
Seibt  ^^  with  special  reference 
to  electric  wave  telegraphy. 

Let  us  consider  first  the 
case  of  an  antenna  earthed 
through  the  secondary  circuit 
of  an  oscillation  transformer 
having  a  certain  co-efficient 
of  coupling  k  (see  Kg.  16). 
Let  the  primary  circuit  contain  a  condenser  of  capacity  Ci,  and  let 
the  equivalent  inductance  of  the  primary  circuit  when  in  presence 
of  the  secondary  circuit  of  the  oscillation  transformer,  but  with  the 
antenna  and  earth  removed,  be  denoted  by  Lj.  Then  let  Cj  be  the 
capacity  of  the  antenna  with  respect  to  the  earth,  and  Lg  the  equivalent 
inductance  of  the  antenna  and  secondary  circuit  of  the  oscillation 
transformer.  Let  M  be  the  mutual  inductance  of  the  two  circuits  of 
the  transfoi-mer,  and  Vi  and  Va  the  maximum  values  of  the  potential 
differences  of  the  primary  and  secondary  circuits,  and  I^  and  I^  the 
currents  in  them,  considered  as  vectors.  If,  then,  we  assume  that  the 
oscillations  are  undamped,  that  is,  that  the  resistances  of  the  two 

"  See  A.  Oberbeck,  Wied.  Ann.  der  Physik,  1896,  vol.  56,  p.  627. 
"  See  G.  Seibt,  PhysikaXische  Zeitschrift,  Augiiat  1,  1904 ;   or-  L'6cla%rage 
Electrique,  October,  1904,  voL  41,  p.  2. 
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Distances  measured  alonq  the  Wibb 
FROM  the  Free  End. 

Fig.  15.— Ghant*B  Curves  representing  the 
Potential  Distribution  in  an  Antenna  Wire 
coupled  directly  to  a  Condenser  Circuit, 
witn  a  Balancing  Capacity  instead  o! 
Earth  Connection  to  the  latter. 
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circuits  are  negligible,  we  may  write  the  vector  equations  connecting 
potential  and  current  for  the  two  circuits  as  follows : — 

V,+;>L,A+^>M/,  =  0 (11) 

V,+;>L/,+;>MA  =  0 (12) 

also    I,=jpG,Y, (13) 

/.=;>C,V, (14) 


Pig.  16. 

Antonna  and  Condenser  Circuit  Antenna  and  Condenser  Circuit 

Inductively  Coupled.  Directly  Coupled. 

C|,  condenser;  L^  Inductance;  E,  earth  plate;  C,,  antenna. 

Then,  eliminating  from  the  above  equations  /i,  7j,  V„  and  Vj,  we 
have — 

'         ,..  =  0      .    (15) 


D*  -  ffl       ^1^1  +  ^^  , 

^       J  n  n  rT.T.        \.n\  "T  ; 


Hence,  solving  this  quadratic  (15) 

"    '  '  (16) 

Suppose,  then,  that  the  oscillation  constants  of  the  antenna  and 


568         THE    PRINCIPLES   OF   ELECTRIC   WAVE   TELEGRAPHY 

condenser  circuits  are  made  equal  by  adjusting  the  capacity  and 
inductance,  so  that  CiLj  =  CaLa  =  CL.  Then  the  above  solution  for 
//^  reduces  to — 

^  =CL  r-A- ^^^ 

M 
where  k  =    ,      - .     Since  p  =  2ir7i,  we  may  write  the  solution  in  the 

above  critical  case  as  follows : — 

Let  «o  denote  the  natural  frequency  of  each  circuit  alone,  so  that 

Uq  =  o~^pf  ;  *lso  let^i  and;?2  be  the  two  roots  of  the  equation  (17), 

and  let  p^  =  2ir7ii,  and  p^  =  2ir?i2. 
Then  we  have  from  (17) — 


"^  \  I (18) 


It  follows  that — 


"""2  ( (19) 

I.  ^  fl^J^  i 


These  equations  show  us  that  if  k  has  any  value  less  than  unity, 
and  if  the  open  and  closed  circuits  have  the  same  oscillation  constant 
when  separate,  then  when  coupled  together  the  oscillation  set  up  in 
the  open  circuit  is  a  complex  oscillation,  which  is  composed  of  two 
oscillations  of  dififerent  frequencies,  ?*j  and  71^.  The  more  nearly  k 
approaches  to  unity,  the  greater  will  be  the  difference  between  n^  and 
Tia  and  the  difference  of  either  of  them  from  n^. 

Since  the  length  X  of  the  wave  radiated  from  the  antenna  is 
connected  with  the  frequency  n  of  the  oscillations  in  the  antenna  by 
the  equation  u  =  n\,  where  u  is  the  velocity  of  radiation,  viz.  3  X  10*® 
cms.  per  second,  or  10'  feet  per  second,  it  follows  that  there  are  two 
waves  of  wave  length  k^  and  A^  radiated  from  the  tuned  inductively 
coupled  aerial,  and  these  wave  lengths  are  connected  v^ith  the  natural 
fundamental  wave  length  Aq  of  the  antenna  and  associated  secondary 
transformer  circuit,  and  with  the  coefficient  of  coupling  k  by  the 
equations — 

^i  =  K\^i-k     I ^20) 

A2  =  A^Vi>X.     ) 

2A,>Ai«  +  Aa« (21) 
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Again,  since  the  wave  lengths  of  the  radiated  waves  are  proportional 
to  the  equivalent  oscillation  constants  O,  we  may  write  the  equations 
(21)  and  (22)  in  the  form— 

20o«  =  Oi«  +  0,« (23) 

'■=§v-+o:. w 

Also  we  can  calculate  the  relative  energy  of  the  two  secondary 
oscillations  of  frequency,  n^  and  ii^  For  the  secondary  current  has  a 
maximum  value  /j,  and  therefore  a  maximum   energy  ^Luj2  =  W. 

But  Z,^  =  Ca«V.,y  by  (14).     Therefore  W  =  Ca(^'J'* )/• 

Since  Cg^j  is  the  square  of  the  oscillation  constant  (O^  of  the 
antenna,  we  see  that — 


W 


=ov<^ro 


Again,  by  (17)  there  are  two  values  of  the  product  O^p^,  viz. 

If,  then,  Wi  and  Wg  are  taken  to  denote  the  maximum  energies  of 
the  two  resultant  oscillations  of  frequency,  Ui  and  n^,  we  have  by  (17) 
and  (18)— 


W,  ^  1  +  it  ^  w,« 

or  the  oscillation  which  has  the  greatest  frequency  has  the  greatest 
energy. 

But,  as  shown  later  on  (see  §  8  of  this  chapter),  the  oscillation 
which  has  the  greatest  frequency  has  the  greatest  damping.  Hence, 
if  the  R.M.S.  or  effective  values  of  the  secondary  condenser  terminal 
potential  diflference  is  measured  for  the  two  frequencies,  we  find  that 
the  potential  oscillation  has  the  greatest  mean-square  value  which 
has  the  least  frequency.  Accordingly,  the  radiated  wave  train  of 
longest  wave  length  has  the  greatest  mean  energy. 

The  above  theory  can  be  experimentally  confirmed  by  means  of  the 
Author's  cymometer.  The  following  are  the  details  of  an  experiment 
made  with  an  inductively  coupled  antenna  at  the  Pender  Laboratory 
of  University  College,  London,  which  will  illustrate  the  facts. 

The  antenna  consisted  of  four  aluminium  wires  each  50  feet  in 
length,  arranged  fan-shape,  the  wires  being  5  feet  apart  at  the  top,  and 
at  the  bottom  joined  to  a  copper  bar  from  which  proceeded  a  thick 
stranded  copper  cable  bent  rectangularly,  and  in  all  23  feet  long. 
The  bottom  of  this  antenna  was  attached  to  one  terminal  of  the 
secondary  circuit  of  an  oscillation  transformer,  consisting  of  a  length 
of  45  feet  of  7/22  copper  wire,  woimd  in  nine  turns  on  a  square 
wooden  frame.  The  other  end  of  this  secondary  circuit  was  earthed. 
The  total  length  of  antenna  from  earth  to  summit  was  118  feet. 
The  antenna  was  arranged  as  in  Fig.  10.     The  total  capacity  was 


20o2 
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0000638  mfd.     A  cymometer  was  then  placed  with  its  copper  bar 
parallel  to  a  portion  of  the  antenna,  and  a  pair  of  spark  balls  inserttni 
between  the  oscillation  transformer  and  the  earth,  so  as  to  fomi  a     | 
simple  Marconi  aerial.     Using  the  cymometer  as  described,  the  oscil-     ! 
lation  constant  Oj  of  this  antenna  was  found  to  be  6*9.     Hence  the     ] 
equivalent  inductance  L,  of  the  antenna  and  associated  transformer     i 

circuit  was  88,600  cms.,  for  C  =  0*000536,  and  (6-9)^  =  -^^  x  88600. 

The  primary  circuit  of  the  oscillation  transformer  consisted  of  one 
turn  of  about  6  feet  in  length  of  a  massive  conductor  made  of  seven 
lengths  of  19/22  copper  cable,  arranged  in  parallel,  wound  over  the 
secondary  circuit. 

This  primary  circuit  was  connected  in  series  with  a  spark-ball 
discharger  and  a  glass-plate  condenser,  having  a  total  capacity  of 
00357  mfd.  This  closed  circuit  had  its  capacity  Ci  adjusted"  so 
that  in  connection  with  the  inductance  Lj  of  the  above  thick  circuit 
and  connectors  the  circuit  had  an  oscillation  constant  of  6*9,  equal  to 
that  of  the  antenna  circuit.  Hence  we  have  Li  =  1330  cms.  When  the 
oscillations  were  created  by  <5onnecting  the  spark  balls  to  an  induction 
coil  as  usual,  and  the  antenna  oscillations  tested  by  the  cymometer, 
it  was  found  that  there  were  two  oscillation  periods  in  the  antenna, 
showing  that  it  was  radiating  waves  of  two  wave  lengths.  The 
cymometer  gave  readings  for  the  two  oscillation  constants  of  5'0  and 
8"5,  corresponding  to  radiated  aether  waves  of  1000  feet  and  1700  feel 
in  wave  length. 

Hence     Oo  =  69,        O,  =  8*5,     and  O^  =  5 

also    Oo^  =  47-6,     O,^  =  722,  and  O^^  =  25 

The  condition  to  be  fulfilled  is — 

and  we  see  that — 

m  +  25;0  _  9.04 
47-6 

instead  of  being  exactly  equal  to  2-0,  as  it  should  be.     The  difference 
from  theory  is  only,  however,  2  per  cent. 

Furthermore,  the  coefficient  of  coupling  1c  of  the  oscillation  trans- 
former should  be  given  by — 

;.^O,'»-O,^^72^-250_.,g 
0,2  +  02*      72-2 +  250 

In  Chapter  II.  §  4,  and  Chapter  VI.  §  16,  we  have  already  given 
direct  measurements  of  the  coefficients  of  couphng  of  similarly  con- 
structed oscillation  transformers,  and  shown  that  h  has  a  value  not 
far  from  0-5.  Hence  the  value  deduced  from  the  above  cymometer 
readings  is  likely  to  be  right. 

Again,  since  the  lengths  of  the  two  waves  of  the  radiated  waves 
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are  X,  ■=  1700  feet,  and  A^  =  1000  feet,  the  natural  wave  length  Ao  of 

the  free  independent  antenna  should  be —  ^ ~  =  1400  feet, 

and  this  agrees  with  the  measurement  of  the  free  oscillation  constant 
6*9,  for  the  radiated  wave  length  is  always  nearly  200  times  the 
oscillation  constant  of  the  antenna. 

We  see  again,  therefore,  how  erroneous  it  is  to  assume  that  for 
such  a  coupled  aerial  the  radiated  wave  length  is  four  times  the  total 
height  of  the  antenna,  phis  the  length  of  its  associated  inductance  coil. 
For  the  antenna,  if  coupled  so  as  to  be  in  syntony  with  the  condenser 
circuit,  radiates  two  waves  of  different  wave  lengths,  neither  of  them 
related  to  the  height  of  the  aerial  by  the  simple  fourfold  relation. 

These  wave  trains  possess  different  maximum  amplitude  and 
different  damping  or  decrements,  and  to  this  matter  we  shall  revert 
again  presently. 

7.  The  Eleotrio  Osoillations  of  a  Direot-ooupled  Antenna. — A 
large  number  of  electric  wave  telegraph  stations  are  equipped  with 
transmitters  consisting  of  a  condenser,  spark  gap,  and  inductance  in 
series  with  each  other,  one  end  of  the  inductance  coil  being  earthed 
and  the  other  connected  to  an  antenna.  The  condenser  and  spark 
gap  are  in  series,  and  placed  as  a  shunt  across  the  inductance  (see 
Fig.  16). 

Following  an  investigation  of  G.  Seibt,**  we  shall  first  determine 
the  relation  between  the  constants  of  the  circuit  and  the  frequency. 
Let  Ci  be  the  capacity  of  the  primary  condenser,  and  L^  the  inductance 
of  the  coil  in  series  with  it.  Let  Lg  be  the  inductance  of  the  antenna, 
and  C2  its  capacity  with  respect  to  the  earth. 

Let  ly  be  the  current  through  the  condenser,  I^  the  current  into 
the  antenna,  and  //  the  current  in  the  inductance  coil.  Let  Y  be  the 
potential  difference  of  the  terminals  of  the  inductance,  or  of  those  of 
the  condenser.  Lastly,  let  p  =  27r»,  and  y  =  V  —  1,  as  usual.  We 
have,  then,  the  following  vector  equations — 


also    /, +  7,'  +  /a  =  0 


(25) 


Eliminating  the  symbols  for  current  and  potential,  we  have  a 
biquadratic  in  p^  viz. — 

n*  -  «AI^  +  C^L,  +jC,Li  ,1  ^0  r26^ 

Since  the  above  expression  has  unequal  roots,  it  indicates  that  oscil- 
lations of  different  frequencies  are  set  up  in  the  antenna.  . 

"  See  G.  Seibt,  PhysikalUche  Zeitschrift,  August  1,  1904;  or  Utdairage 
£Uctrique,  October  1, 1904,  p.  27,  "  A  Comparison  between  the  Direct  and  Inductive 
System  of  Coupling  in  Transmitters  for  Wifeless  Telegraphy." 
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Suppose  that  the  length  of  the  antenna  is  so  adjusted  that  its  own 
free  oscillation  constant  is  the  same  as  that  of  the  condenser  circuit 
taken  alone,  then  we  shall  have — 

CiL,  =  a(L,  +  La)  =  CL,  say 

Under  these  conditions  the  solution  of  the  biquadratic  (22) 
becomes — 

'"=c;l.0*\/l;5l.) ^^'> 

^"'  aL.=cL('  +  y 

Let  us  write  in  the  above  solution  ^__-  ^  instead  o^  ^  +  j\  »  ^^^ 
we  then  have  as  the  solution  in  the  syntonic  case — 

;,  =  ./i  ~Stl (30) 

^       V  CL   1  -  p2  ^     ^ 

or     n  =  —V      •    /  ^    - (31) 

Hence  there  are  oscillations  of  two  different  frequencies  excited 

in  the  antenna.    Call  these  frequencies  n^  and  n^,,  and  let  n^  =  n   j  ni^ 

be  the  frequency  of  the  condenser  circuit  or  antenna  alone.     Then 
we  have — 

1  s 

""^\+''      i (32) 

as  the  values  of  these  frequencies. 

Also,  since  u  =  n\,  where  u  is  the  velocity  of  the  waves  radiated 
from  the  antenna,  we  have — 

A,  =  Xo\^l  +  P     ]  .     .     (33) 


K  =  K^^ —  p 


\ 
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as  equations  giving  us  the  wave  lengths  of  the  waves  radiated,  where 
Ao  is  the  natural  free  fundamental  wave  length  of  the  aerial. 

On  comparing  the  above  equations  (33)  with  the  similar  equations 
(20)  for  the  inductively  coupled  antenna,  we  see  that  the  quantity 

above  called  p  =  -  _  .*  appears  in  the  same  place  as  the  coefficient  of 

inductive  coupling  k,  and  may  hence  be  called  the  coefficient  of  direct 
coupling.  Accordingly,  if  p  is  small,  that  is,  if  the  antenna  capacity 
is  small  compared  with  that  of  the  condenser,  only  waves  of  one 
wave  length  are  emitted  from  the  antenna,  but  if  the  capacity  of  the 
antenna  is  of  the  same  order  as  that  of  the  condenser  in  the  closed 
circuit,  then  two  waves  of  different  wave  length  will  be  emitted,  as  in 
the  inductively  coupled  case. 

The  method  of  inductive  coupling,  however,  gives  a  great  range  of 
adjustment,  because  we  can  without  altering  the  capacity  of  the  antenna 
or  condenser  vary  k  over  wide  limits  by  moving  the  two  circuits  of  the 
oscillation  transformer  to  or  from  each  other. 

As  in  the  case  of  the  inductive  coupling,  so  in  that  of  the  direct 
coupling,  when  two  different  wave  lengths  are  emitted  in  virtue  of 
syntonism  between  the  open  and  closed  oscillating  circuits,  these  two 
waves  have  different  maximum  intensities  and  different  damping. 

8.  The  Damping  of  the  Osoillations  in  an  JLntenna.— We  have 
seen  that  some  forms  of  cymoscope,  such  as  the  metallic  filings 
coherer,  are  chiefly  affected  by  the  maximum  value  of  the  first  wave 
impinging  on  it.  Others,  such  as  the  bolometer  cymoscope,  indicate 
the  root-mean-square  value  of  the  oscillations  in  the  wave  trains, 
and  some,  like  the  magnetic  detectors,  are  influenced  both  by  the 
maximum  oscillation  and  by  the  number  of  oscillations.  Hence  a 
very  important  matter  in  connection  with  practical  electric  wave 
telegraphy  is  the  rate  at  which  the  wave  amplitude  decays  during 
the  emission  of  a  wave  train  from  the  antenna.  This  is  determined 
by  the  logarithmic  decrement  of  the  oscillator. 

If  we  consider  first  the  case  of  the  simple  linear  earthed  oscillator 
or  Marconi  aerial  with  spark  gap  at  the  earthed  end,  we  have  already 
seen  that  the  total  decrement  A  is  made  up  of  two  parts,  (i.)  the  radia- 
tion decrement  8r,  (ii.)  the  resistance  decrement  &,  and  this  last  may 
be  divided  again  into  that  due  to  the  wire  and  that  due  *to  the  spark 
resistance. 

Let  R',  as  usual,  be  the  high  frequency  resistance  of  the  wire,  R 
being  its  ohmic  or  steady  resistance,  and  let  r  be  the  resistance  of 
the  spark.  Let  G  be  the  capacity  of  the  aerial,  and  L  its  inductance 
for  high  frequency  currents.  Finally,  let  /  be  the  length  of  the  antenna 
and  (/  its  diameter,  both  expressed  in  centimetres.  We  have  already 
shown  that  the  radiation  decrement  8r  for  a  single  straight  wire 
antenna  is  given  by — 

1-25 


8L  AO 
r  =  s\  (pef  half -period) (34) 


log.  ^^ 

(see  Chap.  III.  §  8,  equation  36a),  and  that  the  resistance  decrement 
is  given  by — 
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^'-    4«L <^^> 

(see  Chap.  III.  §  4,  equation  19).     The  value  of  E'  for  a  copper  wire 
of  length  /  and  diameter  d  cms.  for  a  frequency  n  is — 

R  =  80JV7r (36) 


Again,  the  high  frequency  inductance  L  of  the  straight  antenna  of 
bee 


(see  Chap.  II.  §  1), 
Again,  the  higt 
length  I  and  diameter  d  has  been  shown  to  be — 

L  =  2;(log.^^^-l) (37) 


We  have,  then,  to  substitute  for  ^/nin  the  formula  for  R'  its  value 
in  terms  of  I  and  d. 

M.  Abraham  has  shown  (see  JFied,  Ann.,  1898,  vol.  66,  p.  435) 
that  for  a  linear  wire  oscillator  of  length  I  and  diameter  d,  earthed  at 
the  lower  end,  the  frequency  n  of  the  fundamental  oscillation  is  given 
by  the  expression — 

3  X  10^"  .^. 


where    e  = 


1 


41og.-^- 

For  a  wire  60  ms.  high  and  5  mms.  in  diameter,  5*6€*  =  0-007. 
But  for  a  Marconi  aerial  wire  the   frequency  of  the  fundamental 

oscillation  n  is   approximately    ..,  and  V  m  =  o\/ 1-      Substituting 

these  values  for  n  and  V»,  R'  and  L  in  the  expression  for  5$,  we 
arrive  at  a  complete  expression  for  the  total  decrement  per  half- 
period  A  as  follows : — 


1-25  40>/r  r 

logc^/       2.iV«(loge^J-l)       2M(l0g.^^-l) 


where  u  =  3  x  10^°  and  /•  is  the  spark  resistance  in  ohms. 

The  first  term  on  the  right-hand  side  is  that  part  of  the  total 
decrement  due  to  radiation,  the  second  that  part  due  to  wire  resistance, 
and  the  third  term  that  part  due  to  spark  resistance.  Generally  speak- 
ing, the  second  term  is  small  compared  with  the  other  two,  and 
especially  compared  with  the  first  term. 

For  example,  suppose  we  consider  the  case  of  a  copper  wire  aerial 
50  metres  long  and  5  mm.  in  diameter,  the  wire  section  being  circular. 
Then  /  =  5000  cms.,  d  =  0*5  cm.     If  we  assume  a  spark  resistance 
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r  =  5  ohms,  we  have  the  following  values  for  the  component  and  total 
decrements  per  semi-period,  viz. — 

A  =  0125  +  00015  +  0008  =  0135. 

The  first  term  is  the  radiation  decrement,  the  second  the  decrement 
due  to  wire  resistance,  and  the  third  that  due  to  spark  resistance. 

If  we  refer  to  the  formula  (Chap.  III.  §§  3,  18)  for  the  number  of 
semi-oscillations,  //?,  in  a  train  of  given  decrement,  viz. — 

4-605  +  A 
m  =  — ^  — 

and  substitute  for  A  the  total  decrement  0*135  just  obtained  for  the 
antenna  in  question,  we  obtain  the  value  m  =  35,  which  shows  that 
seventeen  or  eighteen  complete  oscillations  take  place  at  each  discharge 
of  this  Marconi  aerial  before  the  maximum  of  the  oscillations  is  reduced 
to  1  per  cent,  of  its  initial  amplitude.  • 

Let  us  then  consider  the  case  of  the  inductively  coupled  antenna. 
We  have  shown  that  when  the  condenser  circuit  and  open  or  antenna 
circuit  are  isochronous,  or  have  the  same  independent  time-period 
when  separate,  two  sets  of  oscillations  of  different  frequencies  are  set 
up  in  these  circuits  when  they  are  coupled  together. 

These  two  vibrations  have  different  damping  or  decrements.  Let 
S,  and  ^2  denote  the  decrements  of  the  two  coupled  circuits  when 
separate  from  each  other.     We  have  then  two  cases  to  consider. 

(i.)  When  the  coupling  coefficient  k  is  extremely  small,  or  the 
coupling  weak. 

(ii.)  When  k  has  a  moderately  large  value  approaching  unity,  or 
the  coupling  strong. 

(i.)  The  decrements  Dj  and  Dj  per  half -period  of  the  two  secondary 

oscillations,  when  the  coupling  coefficient  k  is  so  small  that  — - 

is  large  compared  with  k,  can  be  obtained  from  the  following  expressions 
given  by  M.  Wien.'* 


Di  =  i{(3i  +  S»)  +  (Si-S.)N/l-^-g^^^^^^  .    (40) 

I).  =  i{(8.  +  «0-(^-«.)\/l-(g^y  .    .     (41) 

irk 
and  if   ,«       x  \   is   small  compared  with   unity,  these  expressions 

reduce  to — 

"  See  M.  Wien,  Ann.  Phys.,  1902,  vol.  8,  p.  696. 
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Hence  the  sum  of  Di  and  D,  is  equal  to  the  sum  of  8,  and  Sj,,  but 
the  Di  is  greater  than  the  closed  circuit  decrement,  and  Dj  less  tban 
the  open  circuit  decrement,  so  that  the  two  resultant  decrements  lie 
in  between  the  two  independent  ones.  The  wave  of  shortest  wave 
length  has  a  decrement  greater  than  that  of  the  condenser  circuit 
alone,  and  the  wave  of  longest  wave  length  has  a  decrement  less  than 
that  of  the  antenna  taken  alone. 

The  important  case  in  practice,  however,  is  when  the  coupling  is 
fairly  close,  and  the  value  of  irk  large  compared  with  (Sj  —  8,). 

In  this  case  P.  Drude  has  shown  ^^  that  Di  and  Da  are  connected 
with  8i  and  83  and  the  frequencies  by  the  equations — 

=.=''t^-: («) 

where  n^  and  n.^  are  the  frequencies  of  the  two  resultant  oscillations, 
and  Ho  is  that  of  each  circuit  when  separate. 

From  the  above  equations,  it  appears  that  in  this  case  also  thr 
osnllalion  which  has  live  greatest  fr&iuency  or  shoiiest  wave  length  has  thf 
largt'st  damping. 


Since 


and     -  = 


no       ^1  -  k 
1 


we  have    Dj  =  2vT^- ^^^ 

D  -  A  +  ^  ...     (47) 

Thus,  suppose  an  inductively  coupled  antenna  has  a  coefficient  of 
coupling  k  =  05,  and  that  the  condenser  circuit  alone  has  a  resistance 
decrement  Sj  =  002,  whilst  the  open  circuit  has  a  decrement  Sj  =  0-2 
alone.  If  the  two  circuits  are  adjusted  to  have  the  same  time  period 
when  separate,  and  then  coupled  together,  we  have  two  oscillations 
excited  in  the  open  circuit  with  decrements  D,  and  Dg.  Since 
1  +  k  =z  1*5,  and  1-  /c  =-0-5,  we  have — 


T>,  =  011^/2  =  015 
V3 


and    Da  =  011 -,^  =  009 


both  of  which  are  less  than  the  open  circuit  decrement  8^,  and  both 
greater  tl^n  that  of  the  closed  circuit  decrement  8„  when  these 
circuits  are  far  apart.     The  closer  the  coupling,  therefore,  the  more  we 

"  See  P.  Drude,  Ann.  der  Phtjsik,  1904,  vol.  18,  p.  528,  equation  119. 
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approach  the  condition  of  a  single  wave  emission  with  small  damping 
radiated  from  the  antenna.  If  we  could  make  ^  =  1,  we  should  have 
one  single  oscillation  frequency  with  decrement  D,  such  that — 

As  an  illustration  of  the  application  of  the  foregoing  formula,  we 
may  give  the  following  measurements  made  with  a  transmitting  plant 
set  up  in  the  Pender  Laboratory  at  University  College,  London.  The 
antenna  is  inductively  connected,  through  an  oscillation  transformer 
having  a  coefficient  of  coupling  05,  with  a  condenser  circuit  having  a 
capacity  of  0025  mfd.  and  an  inductance  of  2000  cms.  The  antenna 
circuit  is  syntonized  with  the  condenser  circuit  separately,  so  that 
each  has  the  same  oscillation  constant  when  uncoupled.  We  have 
then  k  =  05,  Ci  =  0025  mfd.,  L,  =  2000  cms.  Hence  the  oscillation 
constant  VC,Li  =  7-07,  and  the  frequency  no  in  the  condenser  circuit 
taken  alone  is — 

,^  =  5xlO-^5^,^ 
VC,L,      7 

Hence  the  corresponding  wave  length  \^  is  1400  feet,  since  the 
velocity  of  radiation  is  IC^  feet  per  second  nearly.  Accordingly,  we 
have  Vi  +1;  =  1*224  and  \^1  -  *  =  0*707,  and  the  two  wave  lengths 
emitted  by  the  coupled  aerial  have  values  X^  and  X^y  si^ch  that — 

K  =  K'JT^^k  =  1400  X  0*7  =  980  feet 

K,  =  \,Vl  +  it  =  1400  X  1*224  =  1714  feet 

The  spark  gap  in  the  condenser  circuit  had  a  length  of  2  mm. 
The  spark  resistance  for  the  above  capacity  and  spark  length  would 
be  about  025  ohm.  The  high  frequency  resistance  B'  of  the  metallic 
part  of  the  circuit  may  be  taken  to  have  the  same  value.  Hence  the 
decrement  S^  of  the  closed  circuit,  being  wholly  due  to  resistance,  is 
given  by — 

S        =-?'    +    '*    =  10^     X      7     X     0.5  ^     Q.QQ 

'        4wL        4  X  5  X  10»  X  2000 

The  decrement  &j  of  the  open  circuit  is  partly  due  to  radiation  and 
partly  to  metallic  resistance,  and  may  be  taken  as  having  a  total 
value  0*175,  or  the  same  as  the  closed 'circuit.  Hence,  when  the 
circuits  are  coupled,  we  have,  by  Drude's  formula— 

Q.I  3 

^^  =  0-707  =  018 

The  decrement  Dj  corresponds  to  the  wave  Xj  =  980  feet,  and  D, 
to  the  wave  Ag  =  1714  feet.    Also  from  the  formula*  given  in  Chapter  III. 

2  p      • 
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§  3,  we  deduce  that  in  the  train  of  shorter  wave  length  there  &re 
thirteen  complete  oscillations  before  the  initial  value  falls  to  1  per 
cent.,  and  in  the  train  of  longer  wave  length  twenty-two  complete 
oscillations  per  train. 

This  investigation  shows  the  importance  of  keeping  the  spark-gap 
resistance  and  high-frequency  resistance  of  the  condenser  circuit  as 
low  as  possible  if  we  desire  to  have  a  large  number  of  oscillations  per 
wave  train. 

9.  The  Theory  and  Construotion  of  Oscillation  Transformers. 
— We  have  already  explained  that  in  some  cases  the  oscillations  are 
created  in  the  antenna  by  inductively  coupling  it  to  another  closed 
oscillatory  circuit  containing  a  spark  gap  and  condenser.  Also  we 
have  seen  that  in  the  receiving  antenna  an  oscillation  transformer  is 
interposed  between  the  antenna  and  the  detector  circuit  when  the 
latter  is  a  coherer  or  some  form  of  potential  operated  cymoscope. 

The  general  theory  of  the  operation  of  such  transformers  when 
both  circuits  have  condensers  attached  to  their  terminals  has  been 
given  in  a  previous  chapter  (see  Chap.  III.  §  14). 

In  the  case  of  an  oscillation  transformer  used  in  the  transmitting 
apparatus,  the  circuit  which  contains  the  spark  gap  and  the  smaller 
of  the  two  inductances,  and  therefore  the  larger  of  the  two  capacities, 
is  called  the  primary  circuit,  whilst  the  other  is  called  the  secondary 
circuit.  When  employed  to  create  oscillations  in  an  antenna,  the 
secondary  circuit  of  the  transformer  is  connected  between  the  antenna 
and  the  earth,  or  else  a  large  capacity  called  the  balancing  capacity 
replaces  the  earth.  If  the  antenna  is  insulated  and  symmetrical,  the 
secondary  circuit  is  inserted  in  the  centre. 

It  is  found  that  no  advantage  ensues  from  vnnding  the  primary 
circuit  of  an  oscillation  transformer  used  in  connection  with  a  trans- 
mitting antenna  with  more  than  one  turn  of  wire.  The  inductive 
effect  of  the  primary  circuit  depends  on  the  magnetic  field  it  creates. 
This,  again,  is  the  result  of  the  ampere-turns  of  the  primary  current. 
The  current  in  this  circuit  is  chiefly  determined  by  the  inductance 
of  the  primary  circuit,  and  the  effect  of  increasing  the  turns  on  the 
primary  circuit  is,  on  the  whole,  to  decrease  the  ampere-turns,  since 
the  inductance  varies  as  some  power  of  the  number  of  turns  lying 
between  1  and  2. 

Accordingly,  Mr.  Marconi  constructs  his  "transmitting  jiggers" 
or  oscillation  transformers  for  use  with  sending  aerial  wires  with  one, 
or  at  most  two,  turns  in  the  primary  circuit.  These  may  be  made, 
however,  of  several  single  turns  arranged  in  parallel. 

The  secondary  circuit  generally  consists  of  more  than  one  turn — 
say  five  to  twenty  turns — wound  imder  or  over  the  primary  circuit. 
Very  good  insulation  must  be  secured  between  the  two  circuits,  and 
it  is  an  advantage  to  immerse  the  whole  coil  in  a  vessel  of  insu- 
lating oil. 

We  have  seen  that  when  the  two  circuits  of  an  oscillation  trans- 
former are  syntonized,  or  have  the  same  oscillation  constant  (VCL) 
when  separate,  then  when  associated  together  inductively  the  potential 
differences  created  at  the  terminals  of  the  condensers  on  the  primarj'^ 
and  secondary  circuits  are  in  the  ratio  of  these  capacities,  and  not  in 
the  ratio  of  the  number  of  turns  on  the  two  circuits  of  the  oscillation 
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transformer.^®  Hence,  if  the  spark  gap  in  the  primary  circuit  is,  say, 
6  mm.  in  length,  we  may  yet  draw  very  long  sparks  between  the 
terminals  of  the  secondary  condenser.  This  implies  that  very  good 
insulation  is  necessary. 

Also  we  have  seen  that  oscillations  of  two  frequencies  are  then  set 
up  in  the  circuits.  We  may  consider  that  the  two  circuits  are  like 
two  pendulums  which  are  connected  by  an  elastic  connection. 

Let  two  pendulums  be  suspended  side  by  side  having  the  same 
length,  and  therefore  having  the  same  time  of  oscillation.  Let  their 
bobs  be  interconnected  by  an  elastic  thread.  Let  one  pendulum  be 
set  in  oscillation.  It  will  through  the  elastic  thread  communicate 
impulses  to  the  other  pendulum,  and  gradually  set  the  second  in 
motion.  But  by  the  third  law  of  motion  the  first  pendulum  retards 
•  itself  just  in  proportion  as  it  accelerates  its  companion,  and  hence 
the  motion  is  conveyed  from  one  to  the  other,  each  pendulum  being 
in  turn  the  driving  and  the  driven  pendulum.  Hence  the  motion  of 
either  pendulum  may  be  represented  by  ordinates  of  a  periodic  curve 
with  varying  amplitude,  where  the  gradual  increase  and  decay  of  the 
maximum  ordinate  indicates  the  excursion  of  the  pendulum.  This 
curve  is,  however,  known  to  be  the  resultant  of  two  simple  sine 
curves  of  different  period  or  wave  length  and  different  amplitude. 
Hence  we  may  resolve  the  actual  vibration  of  each  coupled  pen- 
dulum into  the  sum  of  two  vibrations  of  different  period. 

If  a  mass  m  is  suspended  by  a  spiral  spring  such  that  a  force  /a 
is  required  to  give  it  unit  extension,  then,  if  the  mass  is  pulled  down 
and  released,   it   will  execute    isochronous  vibrations  with  period 

T  =  %rj^./^.      Suppose  we  have  two  such  masses  suspended  by 

^  ft 
springs  side  by  side,  and  also  interconnected  by  a  spring  of  length 
and  mass  M  exciting  a  constant  tension  P.  We  have  in  this 
dynamical  system  an  analogy  with  the  oscillation  transformer  with 
capacity  on  each  circuit.  Professor  Poynting  has  shown  *'  that,  when 
so  coupled,  if  one  of  the  masses  is  pulled  down  and  released  it  will 
set  up  an  oscillation  in  each  mass  of  such  a  nature  that  it  can  be  re- 
solved into  the  sum  of  two  vibrations  with  separate  periods,  one  motion 

/ M  *  /^   ,  M 

having  a  period  2ir      /  m  -f       and  the  other  a  period  Stt      /  6 

One  of  these  is  greater  and  the  other  less  than  the  independent 
free  period  of  vibration,  provided  P  is  greater  than  -^-  . 

In  the  above  mechanical  case  the  ratio  of  the  mass  M  of  the 
interconnecting  spring  to  the  square  root  of  the  product  of  the  masses 
of  the  two  bobs  corresponds  to  the  coef&cient  of  coupling  of  the 
transformer  circuitb. 

In  the  construction  of  oscillation  transformers  for  use  in  the  trans- 
mitting apparatus,  the  coupling  adopted  is  generally  such  as  to  make 
the  coefficient  of  coupling  he  between  0*3  and  0'7.     The  larger  this 

'*  A  slight  correction  to  this  statement  is  made  lower  down  in  this  section. 
1'  In  a  private  letter  to  the  Author. 
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coefficient  the  more  do  the  two  oscillations  set  np  in  the  secondary 
differ  in  frequency  from  each  other,  and  the  greater  the  difference, 
therefore,  between  the  wave  lengths  of  the  radiated  waves  if  the  secon- 
dary circuit  is  connected  to  an  antenna. 

For  the  ratio  between  the  frequency  of  the  two  osciUations  in  the 
secondary  circuit  is  given  by  the  equation  " — 


Z  =  s/\tl («) 


and  the  ratio  of  the  ratio  of  the  lengths  of  the  two  radiated  waves  is 
given  hy  — 


K 


-\/lll ^^^> 


Hence,  if  we  have  such  a  coefficient  of  coupling  as  0*4  =  ik  in  an 
oscillation  transfonner  used  in  connection  with  a  radiating  antenna 
for  wireless  telegraphy,  the  ratio  of  the  two  frequencies  or  wave 
lengths  would  be  66  :  100,  or  the  shorter  wave  or  smaller  frequency 
would  be  65  per  cent,  of  the  larger  one.  If  the  coefficient  of  coupling 
k  is  as  small  as  02,  then  the  smaller  frequency  or  smaUer  wave 
length  would  be  nearly  80  per  cent,  of  the  larger  one  On  the  other 
hand,  the  looser  we  make  the  coupling  the  less  do  we  make  the  ampli- 
tude of  the  emitted  waves  or  oscillations. 

The  damping  of  these  two  waves  we  have  also  seen  is  different, 
and  when  the  condenser  and  antenna  circuit  have  equal  free  time 
periods  when  separate,  or  are  syntonized,  the  decrements  of  the  two 
resultant  waves  we  have  shown  are  given  by — 

D.  =  *'t--«; C50) 

where  8,  and  &,  are  the  independent  decrements  of  the  condenser  and 
antenna  circuits  separately.     Thus — 

^^      "^      ^1       ^'l^. ^    ^ 

and  therefore  the  radiated  wave  of  longest  wave  length  is  the  least 
damped. 

By  employing,  therefore,  an  oscillation  transformer  with  strong 
coupling,  or  one  in  which  the  value  of  k  is  as  near  unity  as  possible, 
we  can  cause  one  of  resultant  radiated  waves  to  have  a  much  less 
damping  than  that  due  to  the  normal  free  decrement  of  the  antenna. 

It  has,  however,  been  shown  by  P.  Drude  that  the  most  advan- 
tageous coupling  is  one  which  gives  a  value  near  to  A;  =  0*6. 

The  reason  is  as  follows  :  we  have  already  given  the  simple  theorj- 

»*  See  equation  (18)  in  §  6  of  this  chapter. 
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of  the  Tesla  coil  or  oscillation  transformer  having  condensers  attached 
to  both  circuits  (see  Chap.  III.  §  11).  It  was  there  assumed  that 
the  circuits  had  no  resistance  and  no  damping,  and  under  this  con- 
dition it  was  proved  that  if  Vj  is  the  maximum  value  of  the  condenser 
terminals  having  capacity  Cj  on  the  primary  circuit,  and  Va  that  of  the 
secondary  circuit,  then — 

y.../c, 


'."Vs. ^''^ 


In  the  actual  case,  however,  the  circuits  possess  resistance,  and 
therefore  damping,  and  the  simple  form  of  solution  no  longer  applies. 
If  we  do  not  neglect  the  damping,  we  have  already  shown  (see  Chap. 
III.  §  15)  that  the  ratio  of  the  potentials  is  then  given  by  an  expres- 
sion of  the  form — 

vrVg; (^^) 

where  the  quantity  p  is  a  function  of  the  separate  decrements  of  the 
two  circuits  and  of  the  coupling. 

The  values  of  p  for  various  values  of  the  sum  of  the  decrements 
per  half  period,  (Sj  +  S,),  and  for  various  coefficients  of  coupling,  ky  have 
been  given  in  the  curves  in  Fig.  24  of  Chapter  III.,  taken  from  a 
memoir  by  P.  Drude.** 

From  these  it  is  seen  that  the  factor  p  reaches  a  maximum  for  a 
coupling  of  0-6,  and  is  greater  the  smaller  the  sum  of  the  decrements. 

If  an  oscillation  transformer  has  two  circuits  which  separately 
have  each  natural  frequency  n^,  then  when  coupled  together  inductively 
with  a  coefficient  k  =  0*6,  we  have  oscillations  set  up  in  each  of  two 
frequencies  h^  and  /^j,  such  that — 

''^'Vl-0-6^^2^"^=^'^""-     •     •     •     ^^^^ 

V  1  +  0'^        ^ 

Hence  for  this  coupling      =  2,  and  from  Drude's  curves  we  see 

that  corresponding  to  A?  =  0*6,  and  a  sum  of  the  two  decrements  equal 
to  015,  we  have  p  =  0-87, 

A  value  of  8i  +  &,  =  0*15  would  be  a  very  probable  value  for  a 
wireless  telegraph  antenna  inductively  coupled  with  a  condenser 
circuit  including  a  short  spark  gap ;  accordingly,  we  should  then  be 
able  to  determine  the  maximum  value  of  the  potential  difference  Va  at 
the  terminals  of  the  secondary  circuit  of  the  oscillation  transformer 
from  the  equation — 


V,  =  0-87V,-yg' (57) 


"  Soe  P.  Drude,  Ann.  der  Phvsik,  1904,  vol.  13,  p.  644; 
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Y],  or  the  primary  condenser  maximum  potential  difference,  can  be 
determined  from  the  spark  gap  length.  Thus,  if  the  condenser  in  the 
primary  circuit  had  a  capacity  of  0*02  mfd.,  and  the  antenna  a  capacity 
of  0*0004  mfd.,  and  the  transformer  a  coupling  of  0*6,  we  should  have — 

V,  =  6-lV, 

If,  then,  the  primary  spark  had  a  length  of  4  mm.,  we  should  be 
able  to  draw  sparks  rather  more  than  25  mm.,  or  1  inch,  between  the 
terminals  of  the  secondary  circuit  of  the  oscillation  transformer.  On 
the  other  hand,  the  action  of  resonance  would  cause  the  actual  spark 
potential  at  the  summit  of  the  antenna  to  be  very  much  greater. 

The  effect  of  varying  the  closeness'of  the  coupling  in  an  oscillation 
transformer  is  best  shown  by  drawing  a  series  of  resonance  curves 
with  various  couphngs.  When  the  two  circuits  are  syntonized,  but 
the  coupling  is  very  weak,  we  have  seen  that  in  the  secondary  circuit 
there  is  an  oscillation  of  one  single  frequency  of  the  common  period. 
If  then  we  make  slight  variations  in  the  natural  frequency  of  the 


n^  45 


50 


•4>Xio* 


Fig.  17.~Re8onance  Curves  for  Various  Degrees  of  Closeness  of  (joupling  of 
Primary  and  Secondary  Oscillation  Circuits.  The  curve  with  single  maxi- 
mum corresponds  to  very  loose  coupling,  and  the  curves  with  double  maxi- 
mum to  various  degrees  of  close  coupling  of  the  circuits. 

secondary  circuit  by  varying  its  inductance,  and  observe  the  current 
(E.M.S.  value)  J.^  in  that  circuit,  and  compare  it  with  the  maximum  or 
resonance  value  Jamax,  we  can  plot  a  resonance  curve  of  which  the 

ordinates  are  the  ratio  (  j— ^ ),  and  the  abscissas  are  the  ratio—  of  the 

frequencies  in  the  secondary  and  primary  circuits.  We  shall  then 
have  a  curve  with  a  single  maximum  (see  Fig.  17).  If  the  closeness 
of  coupling  is  increased,  we  shall  find  that  we  obtain  a  resonance 
curve  having  two  maximum  ordinates  differing  in  absolute  value,  and 

the  curve  resulting  from  the  plotting  of  (  j-^- )  in  terms  of  ^  has  a 

VJamax/  Wi 

double  hump  (see  Fig.  17). 

Again,  if  we  increase  the  value  of  h  still  more,  we  get  a  curve  with 
two  widely  separated  humps  of  different  height,  showing  that  there 
are  two  frequencies  corresponding  to  two  maximum  values  of  the 
secondary  current.  Thus  the  more  we  increase  k  the  wider  apart  and 
the  higher  do  these  two  maxima  of  antenna  current  lie.  We  have  already 
shown  (see  Chap.  III.  §  14)  that  the  ordinate  y  of  the  resonance  curve, 
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where  y  =  (  f — ~  ),  is  connected  with  the  sum  of  the  decrements 
81  and  &|  of  the  two  circuits  separately  by  the  equation — 

«.+&-'<i-!!!Vi"!y (58) 

and  it  follows  that — 

Since,  then,  there  are  two  values  of  the  frequency  of  the  secondary 
circuit  for  which  resonance  occurs,  which  are  more  widely  separated, 
the  greater  k  (see  equation  48),  it  follows  that  there  must  be  two 
maximum  values  of  the  ordinate  of  the  resonance  curve. 

To  sum  up',  then,  the  effects  taking  place  in  the  case  of  the  induc- 
tive coupling  of  two  oscillatory  circuits  both  having  capacity,  inductance, 
and  resistance  are  as  follows  : — 

If  the  circuits  are  nearly  syntonized,  that  is,  have  nearly  the  same 
oscillation  constant  or  time  period  of  oscillation  when  free  and  separate, 
then  when  coupled  inductively,  and  oscillations  created  by  discharge 
in  one  circuit,  we  have  in  the  other  circuit  a  complex  oscillation  which 
may  be  analyzed  into  the  sum  of  a  forced  oscillation  and  a  free 
oscillation.  These  combine  to  produce  a  resultant  oscillation  with 
periodic  maxima  resembling  the  effect  of  beats  in  music,  and  this, 
again,  may  be  analyzed  into  the  sum  of  two  oscillations  of  different 
frequencies.  Nevertheless,  the  resultant  oscillation  has  a  single  definite 
mean -square  or  effective  value  given  by  the  expression — 


J2  _    E.2      ttj  +  a.2 


16L./       ttio^     '  47r*(/<i  —  luy^  +  («!  +  oiif 


(60) 


where  E  is  the  maximum  electromotive  force  acting  in  the  secondary 
circuit  of  inductance  L^,  and  a^  and  o;  are  the  damping  factors,  such 
that  aj  =  2niSi  and  Og  =  2/t^j,  Si  and  &<  being  the  decrements  of  the 
two  circuits  when  separate  (see  Chap.  III.  §  14). 

If  /,  is  the  maximum  value  of  the  primary  current  in  the  con- 
denser circuit,  then  E  =  M^pJi  where  M  is  the  coefficient  of  mutual 
inductance.  But  /j  =  CiViJE)i,  and  M  =  7c^/iJ^LL2,  also  X^i^i  =  1  i 
accordingly — 


^^     L,-  "■  LiL,, 


Therefore  we  have — 


I6L1L,  •  "  a^au,     •  47r^(«,  -  tu,)'  +  (a,  -f  a.,)-*      *      ^      ^ 


584         THE   PRINCIPLES   OF  ELBOTRIC   WAVE   TELEGRAPHY 

The  maximum  value  of  J  takes  place  when  «!  =  ?i2,  or  when  tJie 
circuits  are  in  resonance.  Denoting  this  resonance  value  of  tlie 
mean-square  current  by  J^max,  we  have — 

^■""  =  16W-^^-S,+-8.)     •    •    •     •     ^^^^ 
Since  CxLi«i'^  =  .  y,  the  above  equation  may  be  written — 

j2  irlr    C, Vi  1  /ftQ\ 

^'''^-^j,--2--m^+K)  ■  ■  ■  ■  ^^^^ 

This  shows  us  that  the  maximum  or  resonance  value  of  the  secondary 
or  antenna  mean-square  current  is  proportional  to  the  energy  storage 
in  the  primary  circuit,  and  inversely  as  the  reactance  of  the  secondary- 
circuit,  and  determined  also  by  a  function  of  the  decrements. 

When  the  circuits  are  in  resonance  we  have  also  GgLj©*  =  1  and 

5  X  10* 
M  =       (\  ~9  where  O  is  the  common  oscillation  constant  of  the  two 

circuits.  If  then  we  reckon  the  primary  and  secondary  capacities 
Cj  and  Cj  in  microfarads,  the  primary  voltage  Vj  in  volts,  and  the 
inductances  in  centimetres,  and  remember  that  ir*  is  nearly  100,  the 
expression  for  Pmax  may  finally  be  put  in  the  form — 

J2         _     ^         ^'2    z^^l     — _  (M^ 

"*''      1000' O*     2     'Si&A-fS^)  ■     '    '    ^"^  ^ 

Thus,  suppose  an  inductively  coupled  antenna  has  a  capacity 
Ca  =  0*0005  mfd.,  and  that  the  primary  circuit  contains  a  condenser  of 
capacity  Ci  =  0025  with  a  spark  gap  of  2  mm.  Then  V,  =  8000  volts. 
Let  the  oscillation  constant,  when  the  circuits  are  tuned,  be  0  =  6, 
corresponding  to  a  frequency  of  w  =  10®.  Further,  let  k  =  0*5, 
8i  =  0*04,  &j  =  01.  The  mean-square  value  of  the  antenna  current 
will  then  be — 

J-W  =  ^,Jo,.jl,.?g^g^.lO»=  36  nearly 

or  the  antenna  current  will  be  6  amperes  nearly. 

To  secure  this  high  value,  exact  resonance  is  necessary.  A  very 
little  want  of  tuning  will  reduce  this  antenna  current  considerably. 
If  Zj  is  the  maximum  value  of  the  first  oscillation  of  current  in  the 
antenna,  and  if  there  are  N  groups  of  oscillations  per  second,  we  have 
already  shown  (Chap.  III.  §  1)  that — 

Suppose  in  the  above  case  that  N  =  50,  or  50  condenser  discharges 
are  made  per  second,  then  8n^  =  8  x  10",  and  Zj  has  a  value  of  nearly 
780  amperes.  This  calculation  shows  us  the  enormous  currents  which 
may  exist  at  certain  instants  in  a  perfectly  tuned  antenna,  inductively 
coupled  to  a  syntonic  condenser  circuit,  and  also  by  inference  the 
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extremely  high  potentials  which  may  exist  at  the  open  or  upper  end. 
For  an  infinitesimal  fraction  of  a  second  the  aerial  is  carrying  a 
current  which  would  more  than  suflBice  to  melt  it  if  continued. 

The  value  of  the  mean-square  current  in  the  antenna  can  always  be 
ascertained  by  inserting  in  it  a  hot-wire  ampere,  or  else  a  bundle  of  a 
number  of  No.  36  platinoid  wires,  and  ascertaining  of  how  many 
strands  this  bundle  must  be  composed,  so  that  the  wires  may  be  melted 
or  made  red-hot. 

The  value  of  the  maximum  potential  V^  (niax)  at  the  upper  end 
of  the  antenna  can  be  obtained  from  that  of  the  maximum  value  of 
the  current  in  the  following  manner.  Since  the  energy  stored  in  the 
antenna  is  alternately  electrostatic  and  electrokinetic,  if  L.^  is  the 
antenna  inductance  and  C^  the  capacity,  we  must  have — 

L2/a"^(max)  =  C2V./(max) (65) 

Hence     V2(mftx)  =  /a(max)  \/p^  =  ^(max) .  ^  . 

Thus,  to  take  the  above  instance,  we  have  found  that  /,(max)  =  780 
amperes  for  the  antenna  with  oscillation  constant  of  5  and  capacity 
C,  =  00005  mfd. 

5  y  2000 
Therefore    V,(max)  =  780  -^^q^    =  260,000  volts  (nearly). 

The  ^^lOOO  is  a  factor  to  adjust  the  imits,  so  that  whilst  potential 
and  current  are  reckoned  in  volts  and  amperes,  capacity  is  reckoned 
in  microfarads,  and  inductance  in  centimetres. 

Hence  the  voltage  at  the  upper  end  of  this  antenna,  when  in 
resonance,  would  be  equivalent  to  about  a  9-cm.  spark.  Wireless 
telegraphists  are  all  aware  of  the  extremely  long  sparks  which  can 
sometimes  be  drawn  from  the  upper  end  of  antennaB.  In  the  case  of 
a  large  power  plant,  with  which  the  Author  is  acquainted,  sparks  7  feet 
long,  corresponding,  perhaps,  to  seven  million  volts,  have  been  drawn 
from  the  upper  end  of  the  antenna.  This  shows  the  necessity  for 
high  insulation  at  the  supporting  insulator. 

10.  Syntonio  Wireless  Telegraphy. — We  have  already  made 
reference  (see  Chap.  VII.)  to  the  important  practical  problem  of  isola- 
tion in  wireless  telegraphy,  and  to  methods  of  effecting  it.  The  greater 
part  of  the  successful  work  so  far  done  has  been  based  on  the  principle 
of  resonance.  The  problem  is,  to  erect  at  some  place  a  receiving 
appliance  for  electric  wave  wireless  telegraphy  which  shall  not  be 
affected  by  any  but  the  waves  proceeding  from  certain  assigned  and 
correlated  stations.  The  solution  of  this  problem  in  its  most  complete 
form  would  involve  three  qualities  in  such  a  receiver. 

(i.)  It  must  not  pick  up  or  be  affected  by  solitary  waves  or  trains 
of  electric  waves  sent  by  other  transmitters  than  those  with  which  it 
is  intended  to  be  in  connection. 

(ii.)  It  must  be  proof  against  nefarious  attempts  to  hinder  the 
reception  of  its  proper  communications. 

(iii.)  It  must  be  free  from  disturbances  or  stray  records  due  to 
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atmospheric  electric  discharges  or  unintentional  or  natural    electric 
waves. 

These  subdivisions  of  the  problem  have  not  all  as  yet  been  equally 
solved.  The  subproblem  (i.)  has  been  solved  to  a  very  large  extent, 
and  a  receiver  can  be  constructed  which  is  limited  in  its  r&oge  of 
reception  to  a  particular  and  fairly  weU-defined  small  range  of  livave 
length,  provided  they  are  slightly  damped. 

It  is  impossible  yet  to  define  precisely  the  limits  of  affectation. 
The  degree  of  *'  sharpness  of  the  tuning/'  as  it  is  technically  termed, 
is  to  a  large  extent  a  question  of  skill  on  the  part  of  the  operator  and 
of  the  adjustment  of  the  appliances.  We  have  already  showii,  how- 
ever, that  receivers  tuned  for  the  reception  of  waves  of  such  lengths  as 
300  to  1000  feet  (commonly  used  in  ship-to-ship  and  8hip-to-«hore 
communication)  can  be  rendered  quite  immune  from  influence  by  the 
longer  and  more  powerful  waves  sent  out  from  power  stations  (see 
Chap.  VII,). 

The  second  subproblem  concerned  with  violent  interference  has 
received  practical  solution  to  a  large  extent  by  the  legislation  con- 
trolling wireless  telegraphy  in  various  countries,  and  such  attempts 
to  prevent  communication  have  been  rendered  less  important  by  being 
made  illegal. 

Any  form  of  telegraphy,  with  wires  or  without,  can  be  rendered 
impossible  if  an  antagonist  is  permitted  to  employ  sufficiently  powerful 
means  of  disturbance  in  proximity  to  the  victim.  The  prevention  of 
such  interference  is  not  more  within  the  scope  of  the  normal  scientific 
problem  of  syntony  than  the  measures  to  preserve  peaceable  citizens 
from  assassination  and  assault  come  within  the  range  of  preventive 
medicine. 

The  third  subproblem,  viz.  the  annulment,  partial  or  complete,  of 
atmospheric  disturbances,  has  also  been  to  a  considerably  extent  solved. 
These  disturbances  are  very  much  a  question  of  locality,  and  means 
which  may  be  effective  in  temperate  climates  fail  entirely  during  a 
thunderstorm  in  the  tropics. 

The  difficulties  which  arise  in  connection  with  atmospheric  electric 
discharges  are  related  to  electric  wave  wireless  telegraphy  very  much 
in  the  same  way  as  the  disturbances  which  affect  ordinary  telegraphy 
with  wires  are  related  to  earth  currents  and  magnetic  storms.  There 
have  been  occasions  during  great  magnetic  storms,  as  in  1859, 1870, 
and  1903,  when  telegraphy  by  cable  and  wire  was  for  a  short  time 
rendered  perfectly  impossible  over  wide  areas.  So  in  the  tropics  there 
are  occasional  thunderstorms  and  atmospheric  states,  which  for  the 
time  being  put  an  end  to  the  possibility  of  conducting  electric  wave 
telegraphy,  at  least  with  high  vertical  antennae. 

We  shall  refer  to  these  matters  again,  but  at  present  deal  first  with 
the  purely  scientific  problem  of  syntonic  telegraphy.  The  conditions 
have  to  be  ascertained  under  which  a  receiving  arrangement  of  the 
type  used  for  electric  wave  telegraphy  becomes  sensitive  to  a  wider 
or  narrower  range  of  wave  length.  This  involves  the  closer  considera- 
tion of  the  problem  of  syntony. 

Let  us  consider  a  sending  antenna  with  total  decrement  A  to  act 
upon  a  receiving  antenna  at  a  distance,  this  last  being  inductively 
coupled  to  a  closed  oscillatory  circuit  containing  the  cymoscope.    Let 
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8,    and  &,  be  the  decrements  of   the  primary  (antenna)  and  olosed 
(cymoscope)  circuits  of  the  receiver  respectively. 

Moreover,  let  A  be  small  compared  with  Si^  that  is,  let  the  trans- 
mitter be  feebly  damped,  and  let  S,,  be  small  compared  with  8,,  so  that 
3i  is  greater  than  A  or  Sg,  but  Sg  small  compared  with  A.  Then,  if 
Ji  is  the  E.M.S.  value  of  the  current  in  the  receiving  antenna,  and  J.j 
is  that  in  the  cymoscope  or  closed  and  inductively  connected  circuit 
containing  the  detector,  and  if  J/  and  J.J  are  the  corresponding 
maximum  values,  when  resonance  is  secured  between  the  antenna 
and  associated  cymoscope  circuit  we  have  the  following  relation  in 
virtue  of  equation  (143)  of  Chapter  III. : — 

l:-\/^Z^  ■  ■  ■  ■  •  ^''^ 

and  since  by  supposition  A  is  small  compared  with  8i,  this  gives  us — 

h^y'^ ......  m 

In  the  above  equations  x  denotes  1  —  -  where  n^  is  the  frequency 

in  the  transmitter  circuit,  and  ?^  is  that  in  the  receiver  circuits,  the 

ratio  -  being  nearly  unity. 

In  the  same  way  we  have  to  consider  the  relation  of  the  current 
in  the  secondary  circuit  of  the  receiver  to  the  corresponding  resonance 
current.     It  can  be  shown  that  in  this  case  we  have — 


1  +  _  ^  - (68) 


or  since  &,  is  small  compared  with  A,  this  gives  us- 


l:=r^\^/l+'^ (69) 

,       Ji  V      ^  A'^  ^    ^ 


It  is  clear  that  the  current  in  the  secondary  circuit  of  the  receiver 
increases  both  with  improved  syntony  between  the  primary  and 
secondary  circuits  of  the  receiver,  and  with  improved  syntony  between 
the  transmitter  and  receiver  antennae.* 

Obviously,  then,  from  (67)  and  (69)  we  have— 


?V(i"^¥X'+'^)  ■■•'"'> 


Therefore  the  resonance  current  in  the  secondary  circuit  of  the 
receiver  is  increased  both  by  decreasing  the  damping  of  the  closed 
or  cymoscope  circuit  and  by  decreasing  that  of  the  transmitter. 

Hence  we  reach  the  important  conclusion  that  a  highly  damped 

"  The  above  expressions,  (67),  (68),  (69),  (70),  are  identical  with  those  given 
by  Dr.  J.  Zenneck  in  his  book,  "  Elektromagnetische  Schwingungen  and  Drahtlose 
Telegraphic,"  p.  892. 
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transmitter,  such  as  a  plain  Marconi  aerial  or  linear  oscillation, 
cannot  effect  such  sharp  tuning  or  good  syntonic  telegraphy  as  a 
feebly  damped  transmitter  of  the  inductively  coupled  type.  Tliis  is 
verified  by  experience. 

Suppose  a  resonance  curve  to  be  drawn  for  the  secondary  circuit 
of  the  receiver,  we  should  find  that  the  form  of  this  curve  would 
depend  greatly  upon  the  value  of  the  transmitter  decrement  /^,  If 
the  transmitter  was  feebly  damped,  then  this  resonance  curve  ^veould 
be  very  peaked,  and  if  the  transmitter  is  strongly  damped  .the  curve 
would  be  rounded  at  the  summit,  as  depicted  in  ^g.  18. 

This  implies  that  in  the  case  of  a  feebly  damped  transmitter  a 
small  change  in  the  frequency  or  time  period  of  either  receiver  or 
transmitter  greatly  reduces  the  effect  on  the  receiving  instrument; 
whereas  in  the  case  of  a  strongly  damped  transmitter  this  is  not  the 
case.     The  logical  outcome  of  this  is  that  if  we  possessed  a  form    af 


Fig.  18.~Graphical  Representation  of  the  General  Forms  of  the  Resonance 
Curves  of  an  Inductively  Coupled  Receiver  Circuit.  A,  when  transmitter 
antenna  is  strongly  damped ;  B,  when  transmitter  antenna  is  feebly  damped. 

transmitter  with  no  damping  at  all,  then  extremely  exact  syntony 
would  be  possible,  and  receivers  could  be  constructed  which  would 
not  respond  except  to  waves  of  verj-  precisely  the  same  period  as 
that  for  which  they  are  tuned.  For  a  fuller  treatment  of  this  subject, 
the  reader  is  referred  to  a  paper  by  M.  Wien  in  the  Annakn  der 
rhf/sik,  1902,  4th  ser.,  vol.  8,  p.  709. 

The  general  use  of  strongly  damped  transmitters  is  very  dis- 
advantageous, and  the  more  their  employment  can  be  prevented  the 
more  perfect  will  syntonic  telegraphy  become.  In  course  of  time, 
either  by  agreement  or  legislation,  it  may  be  possible  to  prevent  the 
use  of  transmitters  having  a  decrement  greater  than  a  certain  assigned 
value.  Meanwhile,  this  result  points  to  the  great  practical  importance 
of  obtaining  a  transmitter  which  will  emit  continuous  trains  of  electric 
waves.  If  this  could  be  done  it  would  enable  a  much  less  amplitude 
of  oscillation  in  the  transmitting  antenna  to  be  effective  in  affecting 
a  syntonic  receiver. 

At  the  present  time,  owing  to  the  relatively  large  damping  and 
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great  interval  between  the  trains  of  waves,  the  E.M.S.  value  of  the 
current  in  the  transmitting  antenna  is  very  small  compared  with  the 
maximum  value  of  the  current  during  a  train. 

This  implies  two  things. 

(i.)  Such  a  transmitter  necessarily  must  have  an  initial  oscillation 
of  large  amplitude  to  be  effective,  and  hence  affects  even  non-syntonic 
receivers  in  its  neighbourhood. 

(ii.)  Considerable  energy  expenditure  in  charging  the  condenser  or 
antenna  to  the  necessary  initial  voltage  to  obtain  the  necessary  maxi- 
mum initial  amplitude. 

The  receiver  can  only  be  made'  to  respond,  therefore,  at  a  great 
distance  by  the  use  of  a  cymoscope,  such  as  a  coherer,  which  is  chiefly 
affected  by  the  maximum  value  in  the  train  of  waves  operating  on  it. 
Hence  such  a  receiver  is  more  or  less  sensitive  to  other  non-syntonic 
trains  of  sufficient  amplitude,  and  is  also  sensitive  to  atmospheric 
electric  disturbances.  If,  however,  a  continuous  train  of  waves  were 
emitted  by  the  transmitter,  then  a  receiver  of  the  bolometer  type,  or 
some  cymoscope,  only  affected  by  the  E.M.S.  value  of  the  incident  wave, 
could  be  employed  and  rendered  receptive,  not  by  increased  general 
sensitiveness,  but  by  more  exact  syntony  in  the  transmitting  and 
receiving  circuits. 

The  problem  of  practical  wireless  telegraphy  has  thus  affinities  with 
that  of  telephony.  The  telephone  is  very  sensitive  to  induced  currents. 
Hence  a  sensitive  telephone  receiver  picks  up  all  sorts  of  stray 
currents  by  induction,  and  the  speaking  is  blurred.  For  practical  long- 
distance work,  what  is  required  is  not  a  more  sensitive  receiver,  but  a 
more  powerful  transmitter. 

The  stray  disturbances  are  then  drowned  out  by  the  proper 
currents,  and  the  communication  becomes  good.  So  in  the  case  of 
syntonic  wireless  telegraphy  the  improvement  to  be  desired  most  is 
not  receivers  of  greater  sensitiveness,  but  transmitters  with  greater 
continuity  of  wave  production  resulting  in  the  possibility  of  sharper 
tuning. 

The  actuation  of  a  syntonic  receiver  is  due  to  a  cumulative  effect. 
Small  electromotive  forces  applied  at  proper  intervals  end  by  pro- 
ducing a  current  or  voltage  of  sufficient  maximum  or  mean-square 
value  to  affect  the  particular  cymoscope  employed.  Hence  a  receiver 
can  be  made  insensitive  to  irregular  or  non-syntonic  impulses,  and  yet 
sensitive  to  impulses  of  the  right  period.  The  question  whether  we 
have  any  advantage  by  increasing  the  frequency  of  the  trains  of 
oscillations  or  approximating  to  a  continuous  wave  radiation  is  deter- 
mined by  the  nature  of  the  cymoscope  or  detector  employed.  If  it 
is  a  potential  actuated  device  such  as  a  coherer,  its  operation  is 
determined  by  the  action  on  it  of  a  certain  minimum  electromotive 
force,  and  provided  the  trains  of  waves  sent  out  by  the  transmitter  are 
long  enough -to  create  by  cumulative  effect  the  maximum  electro- 
motive force  in  the  cymoscope  circuit  we  shall  only  employ  energy 
wastefuUy  at  the  transmitter  station  by  crowding  the  trains  of  waves 
close  together.  It  must  be  remembered  that  when  a  receiving  antenna 
has  oscillations  set  up  in  it  by  the  impact  of  trains  of  waves  it 
radiates,  whilst  at  the  same  time  it  absorbs,  and  it  is  in  the  con- 
dition of  a   body  which  is   being  warmed  by  radiant  heat.      The 
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temperature  of  such  a  body  cannot  rise  higher  than  a  limit  fixed  by  its 
emissivity.  Electrically  speaking,  good  absorbers  are  good  radiators 
just  as  they  are  thermally.  Hence  an  antenna  must  have  a  fairly 
large  decrement  if  it  is  to  be  a  useful  receiver. 

This  impHes  that  it  cannot  accumulate  oscillations  indefinitely, 
and  therefore  cannot  benefit  by  the  impact  on  it  of  trains  of  perfectly 
continuous  waves.     On  the  other  hand,  if  we  employ  a  cymoscope  of 
the  bolometer  type,  then  since  its  indications  are  determined   by  the 
R.M.S.  value  of  the  oscillations  in  its  circuit,  we  can  benefit    con- 
siderably by  increasing  the  number  of  trains  of  waves  per  second  or 
even  making  them  continuous.     But  then,  on  the  other  hand,   we 
have  to  consider  the  energy  expenditure  in  the  transmitting  antenna. 
The  power  (P)  given  to  the  radiator  varies  as  the  total  quantity  of 
electric  energy  discharged  per  second  across  the  spark  gap,    and 
therefore  varies  as  the  number  of  discharges  (N)  per  second,  and  as 
the  square  of  the  charging  potential  (V). 

This  last  varies  as  the  square  of  the  maximum  current  (/*)  in  the 
antenna.  Again,  the  mean-square  current  (P)  in  the  antenna  varies 
directly  as  (Ni'^),  and  inversely  as  «8,  where  8  is  the  decrement  and  n 
the  frequency  of  the  oscillations.     Hence  we  have — 

P(xN/«a«8P. 

If,  therefore,  we  require  a  certain  minimum  value  of  J*  in  the 
sending  antenna  to  affect  the  receiver  at  the  other  end,  we  can  only 
do  this,  consistently  with  the  avoidance  of  great  power  expenditure 
in  the  sending  antenna,  by  obtaining  a  radiator  with  small  decrement, 
that  is,  one  which  sends  out  feebly  damped  or  continuous  trains  of 
waves. 

As  regards  the  radiating  antenna,  the  power  expended  on  it  would 
have  to  be  enormously  increased  if  we  desu^d,  and  were  able,  to  send 
out  continuous  trains  of  waves  compared  with  that  involved  in  send- 
ing out  intermittent  trains  of  waves  of  equal  maximum  value,  but  with 
decrement  8  and  identical  frequency  n,  at  the  ratio  of  N  trains  per 
second.  For  the  energy  expenditure  on  the  antenna  is  proportional 
to  J^  where  J  is  the  E.M.S.  value  of  the  current  at  the  base  of  the 
antenna.  If  /  is  the  maximum  value  of  the  current  oscillations  in 
each  train,  then  (see  Chap.  III.  §  2)  we  have — 

8«8 

Hence  the  power  absorbed  by  the  antenna  when  sending  out  the 
intermittent  damped  waves  must  be  to  the  power  absorbed  in  sending 
out  continuous  waves  of  equal  maximum  value,  /,  in  the  ratio  of  P  to 
/*,  or  of  N  :  8?t8.  Suppose,  then,  that  N  =  60,  n  =  10«,  8  =  0-2,  we 
should  have  N  :  8ti^  =  60  l.16  X  10»  =  1 :  32,000.  The  power  required 
to  create  a  continuous  train  of  waves  would  be  32,000  times  greater 
than  that  required  to  create  intermittent  damped  trains  of  the  same 
maximum  value. 

Unless,  therefore,  the  employment  of  continuous  trains  of  waves 
would  result  in  the  reduction  to  a  very  large  extent  of  the  necessary 
minimum  E.M.S.  value  of  the  waves  at  the  arriving  station  by  the 
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employment  of  a  suitable  syntonic  detector,  the  advantages  of  im- 
proved syntonism  might  to  a  large  extent  be  nullified  by  the  enor- 
mously greater  cost  of  manufacture  of  the  continuous  wave  trains. 

The  fact  that  the  production  of  continuous  trains  of  waves  involves 
great  power  absorption  in  comparison  with  the  production  of  inter- 
mittent trains,  is  well  seen  in  the  case  of  the  generation  of  powerful 
sound  waves  by  steam  or  air  syrens  for  coast  warning  purposes.  As 
mucli  as  600  horse-power  has  been  found  to  be  absorbed  in  the  pro- 
duction of  a  continuous  sound  from  a  large  air  syren,  whereas  not  a 
fraction  of  this  would  be  required  to  make  intermittent  blasts  at 
widely  separated  intervals  of  time.  Returning,  then,  to  the  consider- 
ation of  the  apparatus  for  syntonic  •  electric  wave  telegraphy,  the 
receiving  arrangements  consist  of  an  antenna  or  receptive  aerial,  which 
is  inductively  or  directly  coupled  to  a  closed  oscillatory  circuit,  across 
which  or  in  which  the  cymoscope  is  inserted.  It  is  important  that 
this  closed  circuit  should  have  as  small  a  coefficient  of  damping  as 
possible. 

In  a  non-radiative  circuit  without  spark  gap  the  damping  factor 

is  equal  to  ot  where  R'  is  the  high  frequency  resistance  and  L  the 

high  frequency  inductance.    The  damping  factor  determines  the  loga- 

rithmic  decrement  (S)  since  in  the  case  considered,  since  ^  =  2n5. 

Accordingly,  for  a  given  frequency  the  damping  factor  is  made  small 
either  by  decreasing  R'  or  increasing  L.  Theory,  therefore,  points 
out  that  in  the  closed  cymoscope  circuit  the  resistance  should  be  kept 
as  small  as  possible,  and  the  inductance  made  as  large  as  possible 
consistently  with  giving  the  circuit  the  necessary  natural  frequency. 

Under  these  conditions  the  ampUtude  of  the  oscillations  under 
electromotive  impulses  of  syntonic  frequency  will  accumulate  or 
increase  slowly,  and  hence  the  receiver  circuit  will  only  be  affected  by 
prolonged  trains  of  waves  of  exactly  the  right  frequency.  Such  a 
circuit  may  be  called  a  stiff  or  heai*y  circuit,  because  it  is  analogous 
to  a  pendulum  with  a  very  heavy  bob,  which  can  be  set  in  vibration 
by  very  feeble  blows,  provided  they  come  at  the  right  intervals  and 
are  continuously  repeated.  Such  a  pendulum  could  be  started  into 
vigorous  vibration  even  by  puffs  of  air,  provided  we  puff  exactly  at 
the  right  time  and  keep  on  puffing,  but  it  would  hardly  be  moved  at 
all  by  one  single  vigorous  blow. 

Various  ways  of  connecting  the  cymoscope  or  wave  detector  to 
the  closed  oscillatory  circuit  of  the  receiver  and  this  circuit,  also  to 
the  antenna,  have  been  described  and  illustrated  in  Chapter  VIII. 

In  order  to  reduce  the  high  frequency  resistance  of  the  closed 
oscillatory  circuit  of  the  receiver  as  much  as  possible,  it  is  made  of 
fine  silk-covered  copper  wire,  one  or  more  strands  in  parallel. 

This  stranding  of  the  wire  is  especially  important  in  the  case  of 
wires  wound  in  spirals,  as  then  the  high  frequency  resistance  is  greater 
than  the  value  calculated  by  the  Rayleigh  formula  (see  Chap.  II.  §  1). 

In  whatever  way  inventors  may  seek  to  disguise  the  construction 
of  the  syntonic  receptive  circuit  by  the  introduction  of  condensers  or 
of  inductance  coils,  it  invariably  resolves  itself  into  a  closed  circuit  of 
as  small  a  decrement  as  possible,  inductively  or  directly  connected 
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with  an  absorbing  antenna  circuit  of  a  fairly  large  decrement.  The 
last  decrement  per  half  period  will  generally  be  about  0*2,  and  that  of 
the  closed  circuit  may  with  care  be  made  as  low  as  0*002. 

In  confirmation  of  the  above  theory  of  syntonic  telegraphy  by- 
electric  waves,  some  excellently  devised  researches  have  been  carried 
out  by  Professor  G.  W.  Pierce.^*  For  this  purpose  he  employed 
inductively  coupled  antennae.     At  a  transmitting  station  a  condenser 
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Fig.  19. — Apparatus  for  Besearchea  on  Syntonic  Electric  Wave  Telegraphy  as 
used  by  Prof.  Pierce.  T,  transformer ;  C,  primary  condenser ;  I,  primacy 
circuit  of  oscillation  transformer;  II,  secondary  circuit;  E,  earth  plates*^; 
S,  transmitting  antenna;  B,  receiving  antenna;  III,  lY,  oscillation  trans- 
former in  receiver ;  A,  sliding  condenser ;  G,  cymoscope. 

circuit  was  established,  consisting  of  a  glass-plate  primary  condenser 
of  variable  capacity  joined  in  series  with  the  primary  circuit  of  an 
oscillation  transformer  and  with  a  Cooper- Hewitt  discharger  in  place 
of  a  spark  gap.  The  secondary  circuit  of  the  transformer  was 
interposed  between  an  aerial  wire  and  an  earth  plate  (see  Fig. 
19).     At  the  receiving  station  he  employed  as  detector  a.  Fleming 

«^  See  TJic  Physical  Review,  September,  1904,  vol.  xix.  p.  196;  and  April,  1905, 
vol.  XX.  p.  220,  "  Experiments  on  Resonance  in  Wireless  Telegraph  Circuits,"  by 
G.  W.  Pierce.  The  Author  is  indebted  to  Prof.  Pierce  and  the  Editor  of  The 
Physical  Review  for  kind  permission  to  use  the  diagrams  illustrating  these  papers. 
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electrodynamometer,  consisting  of  a  disc  of  silvered  paper  suspended 
by  a  quartz  fibre  held  in  the  interior  of  a  coil  (see  Fig.  20). 

The  theory  of  this  instrument  has  already  been  given  (see 
Chap.  II.  §  13).  ^  e  V 

The  silvered  disc  carried  a  mirror,  and  its  deflection,  when  oscilla- 
tions passed  through  the  coil,  were  read  on  a  scale.  This  detector 
was  connected  in  series  with  a  variable  tubular  condenser  and  with 
the  secondary  circuit  of  an  oscillation  transformer,  whose  primary 
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Fig.  20. — Form  of  Fleming  Alternating  Current  Disc  Galvanometer  employed  by 
Professor  Pierce.  M,  disc  of  silvered  paper  suspended  by  quartz  fibre;  C, 
coil  of  wire  through  which  oscillations  are  sent. 

circuit  was  inserted  between  an  earth  plate  and  a  receiving  antenna. 
Observations  were  then  made  on  the  mean-square  current  as  read  by 
the  electrodynamometer,  with  variations  in  the  capacities  and  induct- 
ances in  both  sending  and  receiving  circuits. 

In  one  set  of  experiments  the  primary  condenser  capacity  Cj  was 
varied  step  by  step,  and  corresponding  to  each  fixed  value  a  set  of 
current  readings  was  taken  with  the  secondary  condenser  capacity  Cg 
varied  over  a  wide  range. 

It  was  found  that  for  each  value  of  Cj  a  curve  could  be  plotted  of 

2  Q 
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the  secondary  root-mean-square  current  Jj  in  terms  C^.  These  curves 
all  have  a  maximum  value  (see  Fig.  21). 

When  all  the  curves  were  drawn,  a  family  of  curves  presented 
itself,  which  showed  that  corresponding  to  any  given  value  of  C,  there 
was  a  certain  value  of  C,  which  gave  the  maximum  antenna  current. 

If  an  envelope  is  drawn  to  the  whole  family  of  resonance  curves, 
it  is  seen  to  have  principal  and  subsidiary  maximum  ordinates.     This 
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Fig.  21.— a  Family  of  Besonance  Curves  obtained  by  Professor  Pierce,  showing 
the  Variation  in  the  Galvanometer  Deflection  as  the  Capacity  in  the  Sending 
and  Beceiving  Circuits  was  varied. 

indicates  that  there  is  some  value  of  the  secondary  capacity  which 
gives  the  largest  antenna  current,  but  also  there  is  another  value  of 
that  capacity  which  gives  a  secondary  maximum.  This  is  quite  in 
accordance  with  theory  as  already  given.  The  antenna  current  is 
determined  by  several  factors. 

(i.)  It  is  increased  by  syntonizing  the  open  and  closed  circuits  of 
the  transmitter. 
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(ii.)  By  syntonizing  the  open  and  closed  circuits  of  the  receiver. 

(iii.)  By  syntonizing  the  receiver  as  a  whole  to  one  or  other  of 
the  two  waves  of  different  wave  length  sent  out  by  the  trans- 
mitter. 

The  above  experiments  bring  out  these  facts  well.  There  is  a 
certain  maximum  value  of  the  antenna  current  which  occurs  when 
the  variation  of  secondary  capacity  finally  syntonizes  the  two  secondary 
circuits.  There  is  a  inaaimum  maximum  when  the  variation  of  primary 
capacity  syntonizes  the  two  circuits  of  the  transmitter,  and  there  is  a 
subsidiary  maximum  according  as  the  receiver  is  timed  to  one  or  other 
of  the  two  frequencies  set  up  in  the  transmitter  antenna. 

By  photographing  the  oscillatory  spark  of  the  transmitter,  Professor 
Pierce  has  been  able  to  render  visible  the  existence  of  these  two 
frequencies  in  the  condenser  circuit,  and  to  show  that,  strictly  in 
accoi-dance  with  theory,  one  of  these  oscillations  is  much  more  damped 
than  the  other,  the  longest  wave  having  the  least  damping  (see  Fig.  22). 
The  wave  emitted   by  the  sending  antenna  which  has   the  lowest 
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Fig.  22. — Photograph  taken  by  Professor  Pierce  with  a  Revolving  Mirror  of  the 
Oscillatory  Spark  of  the  Transmitter  in  the  Electric  Wave  Telegraphic 
Apparatus  used  by  him. 

frequency  is  the  longest  wave,  and  this  has  the  least  damping  and  the 
greatest  amplitude  or  intensity. 

It  is  possible  to  tune  the  receiving  circuits  to  either  of  the  two 
waves  emitted  from  the  transmitter,  and  it  is  also  possible  to  associate 
with  the  receiving  antenna  two  cymoscope  circuits,  one  of  which  is 
tuned  to  the  long  wave  and  the  other  to  the  short  one,  and  to  make 
both  these  cymoscopes  actuate  the  same  printing  or  recording  instru- 
ments. In  this  manner  we  can  make  use  of  the  energy  of  both  the 
waves.  At  the  present  time  what  is  done  is  generally  to  tune  the 
receiving  circuit  to  the  longer,  the  least  damped,  or  most  energetic 
wave,  and  to  disregard  the  other.  If  it  were  possible  to  make  the 
coupling  of  the  transmitting  circuits  extremely  close,  then  the  two 
emitted  waves  could  be  so  adjusted  as  regards  wave  length  that  one 
of  them  would  have  three  times  the  frequency  of  the  other,  and  would 
therefore  be  a  harmonic  of  it.  It  is  easy  to  show  that  this  would  take 
place  with  the  coupling  coeflBcient  A:  as  a  value  0*8,  because  then 
1  —  A;:l  +  A;asl:9,  therefore  the  frequencies  will  be  in  the  ratio 
of  1  to  3.  As  a  rule,  it  is  very  difficult  to  secure  such  a  high  coefficient 
of  coupling. 

11.  The  Influence  of  Antenna  Position  upon  Electric  Wave 
Production. — The  earliest  experiments  in  electric  wave  telegraphy 
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revealed  the  great  influence  which  antenna  height  and  position  have 
upon  the  distance  over  which  telegraphic  communication  can  be 
affected. 

Thus  if  a  couple  of  insulated  wires  60  feet  in  length  are  stretched 
horizontally  in  one  line  at  some  distance  above  the  earth,  and  a  spark 
gap  inserted  between  their  adjacent  ends  so  as  to  construct  a  linear 
insulated  horizontal  Hertzian  oscillator,  it  will  be  to  affect  a  similar 
and  parallel  pair  of  wires  having  a  coherer  as  a  wave  detector  inserted 
at  the  centre,  at  a  distance  of  a  few  hundred  yards.  In  this  case 
the  electric  force  at  the  receiving  antenna  is  parallel  to  the  antenna 
and  to  the  earth's  surface,  and  the  magnetic  force  is  at  right  angles  to 
the  antenna  and  perpendicular  to  the  earth.  If  the  receiving  and 
sending  antennsB  are  not  parallel  but  at  right  angles  to  each  other,  no 
effect  is  produced  at  the  receiver  except  at  distances  so  small  that  the 
coherer  alone  would  be  equally  affected.  Hence  as  long  as  we  are 
dealing  with  wave  propagation  through  space  it  is  necessary  for  the 
production  of  any  distance  effects  that  the  antennae  should  be  approxi- 
mately parallel  to  each  other  so  that  the  magnetic  vector  of  the 
transmitted  wave  may  be  at  right  angles  to  the  receiving  antenna  at 
the  locality  where  this  last  is  situated. 

Marconi's  fundamental  discovery  was,  however,  the  vast  difference 
which  is  created  by  employing  linear  antenneB  perpendicular  to  the 
surface  of  the  earth,  one  of  the  pair  being,  so  to  speak,  buried  in  it. 

In  this  case  we  have  no  longer  the  production  of  free  Hertzian 
waves  consisting  of  closed  loops  of  electric  strain  moving  through 
space,  but,  as  already  explained,  the  process  of  radiation  consists  in 
the  detachment  of  semi-loops  of  electric  strain  which  glide  over  the 
surface  of  the  earth  with  their  ends  upon  it.  This  process  must 
involve  physical  operations  in  the  earth's  crust  considered  as  a 
conductor,  as  well  as  actions  in  the  dielectric  above  the  earth.  So 
far  as  the  earth's  surface  may  be  considered  to  be  a  good  conductor, 
the  direction  of  the  Unes  of  electric  force  just  above  its  surface  must 
be  everywhere  normal  to  it,  and  the  magnetic  force  parallel  to  it. 
Since  a  line  of  electric  force  must  either  be  a  self-closed  line,  or  else 
its  ends  must  terminate  on  electrons,  it  follows  that  the  movement 
over  the  earth's  surface  of  the  semi-loops  of  electric  strain  detached 
from  the  earthed  radiator  must  be  accompanied  by  atom-to-atom 
exchanges  of  electrons  in  the  mass  of  the  earth. 

The  materials  of  which  the  earth's  crust,  at  least  at  the  surface,  is 
composed  appear  to  owe  their  conductivity  chiefly  to  water  and 
dissolved  salts.  Hence  the  earth's  surface  crust  must  be  considered 
as  an  electrolytic  conductor,  and  the  sub-surface  electric  process  which 
attend  the  propagation  of  the  electric  wave  will  be  aided  by  good 
electrolytic  conductivity  and  hindered  by  the  absence  of  moisture. 

This  fact  early  came  into  notice  in  connection  with  electric  wave 
wireless  telegraphy.  It  can  be  conducted  much  more  easily  over  sea 
surface  than  over  dry  land,  and,  in  fact,  the  falling  of  a  heavy  rain  after 
dry  weather  makes  quite  a  perceptible  improvement  in  the  facility  of 
communication  over  land. 

12.  The  Influence  and  Importance  of  the  Earth  Connection. — 
Closely  connected  with  the  above  facts  is  the  necessity  for  a  "  good 
earth"   at  the  sending  and  receiving  stations.     In  the  case  of  an 
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antenna  placed  vertically,  the  upper  end  is  necessarily  a  current  node. 
The  lower  end,  if  in  connection  with  the  earth,  is  a  current  loop  or 
antinode,  and  current  must  therefore  flow  into  and  out  of  the  antenna 
from  or  to  the  earth.  This  implies  a  free  passage  for  the  high  frequency 
currents  into  and  out  of  the  earth,  or  else  some  equivalent  capacity. 

Owing  to  the  peculiar  characteristics  of  high  frequency  currents, 
the  term  "good  earth"  must  be  taken  technically.  It  may  mean 
that  good  metallic  contact  of  large  area  is  made  between  the  lower 
end  of  the  antenna  and  the  earth,  but  it  may  also  mean  that  a  large 
condenser  is  interposed.  Thus  all  the  antennsB  shown  in  Fig.  23  are 
really  earthed  antennsB. 

The  object  to  be  attained  is  the  free  passage  of  electricity  in  rapid 
oscillations  into  and  out  of  the  base  of  the  antenna,  and  as  long  as 


Fia.  23. — Various  Modes  of  Connocting  the  Transmitting  Aatenna  to  the  Earth, 
(a)  By  direct  connection  of  the  lower  spark  baU  to  an  earth  plate,  E ;  (b)  by 
connection  through  a  condenser,  G ;  (c)  by  a  balancing  capacity,  B. 

there  is  a  good  contact  with  the  earth  the  interposition  of  a  sufl&ciently 
large  condenser  does  not  prevent  this  operation. 

Hence,  in  regard  to  their  relation  to  the  earth,  we  have  three  tj'pes 
of  antenna  (see  Fig.  23). 

(i.)  Those  perfectly  and  conductively  earthed. 

(ii.)  Those  with  a  condenser  of  sufficiently  large  capacity  inter- 
posed, but  which  are  as  efficiently  earthed  for  the  purposes  con- 
sidered. 

(iii.)  Those  in  which  a  balancing  capacity  is  employed,  which  is, 
in  fact,  equivalent  to  making  one  su^ace  of  the  interposed  condenser 
the  surface  of  the  earth. 

Much  difference  of  opinion  exists  as  to  the  relative  advantages  of 
these  methods.  It  is  usual  to  speak  of  these  cases  in  which  the 
antenna  is  connected  to  a  balancing  capacity,  or  has  a  condenser 
interposed,  as  "  non-earthed  *'  arrangements,  but,  as  we  have  pointed 
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out,  they  are  not  specifically  differentiated  from  the  case  of  conductive 
connection. 

Experience,  however,  shows  that  for  long-distance  work  the  con- 
ductive connection  of  the  base  of  the  antenna  with  the  earth  is  an 
absolute  necessity. 

The  following  extract,  taken,  by  kind  permission,  from  a  paper  by 
Captain  H.  B.  Jackson,  B.N.,  RR.S.,  endorses  this  opinion'**: — 

"  A  point  of  interest,  whioh  has  also  great  effect  on  the  signalling  distance,  is 
the  efficiency  of  the  earth  connection  of  both  the  transmitting  and  receiving 
instroments.  Fortunately  for  the  system,  on  board  a  modem  ship  there  is  no 
difficulty  in  obtaining  an  almost  perfect  earth  connection  when  the  ship  is  at  sea. 
In  dry  dock,  however,  there  is,  in  fine  weather,  a  great  difficulty  in  doing  so,  and 
the  effects  of  the  bad  earth  with  the  ship  in  dock,  on  the  signals,  are  extremely 
marked,  both  for  transmitting  and  receiving,  reducing  the  distance  as  low  as  to 
25  per  cent,  of  the  distance  with  the  ship  afloat. 

"  A  similar  effect,  due  to  drought,  has  been  observed  with  some  shore  stations, 
where,  according  to  my  experiences,  the  maximum  signalling  distances  have 
always  been  obtained  during  wet  seasons  of  the  year. 

*'  A  typical  example  is  given : — 

*'  On  one  particular  occasion,  towards  the  end  of  a  very  dry  summer  (last  year), 
the  maximum  signal  distance  between  a  certain  ship  and  station,  500  feet  above 
the  sea,  was  88  miles,  the  usual  distance  having  previously  been  68  miles.  Two 
days  later,  during  which  time  no  alterations  whatever  had  been  made  to  the 
adjustments  of  the  instruments,  but  which  included  twenty-four  hours  of  heavy 
rain,  the  maximum  distance  obtained  was  70  miles,  whioh  has  since  been 
maintained. 

"Repeated  experiments  with  and  without  earths  on  the  transmitter  and 
receiver  have  shown  that,  in  the  open  sea,  signals  may  be  obtained  up  to  60  or  60 
per  oent^  of  the  full  distance,  without  earths  on  the  receiver,  though  such  a  large 
proportion  is  unusual,  the  average  being  80  per  cent.  A  condenser  of  suitable 
capacity  acts  nearly  as  well  as  a  good  earth;  without  an  earth  on  the  trans- 
mitter, the  percentage  of  distance  has  never  exceeded  15  per  cent.  Using  good 
earths,  but  no  aerial  wire  whatever  on  the  receiver,  or  near  it,  signals  have  never 
been  obtained  over  8  miles.  With  no  aerial  wire  on  the  transmitter,  I  have 
never  known  a  signal  to  be  received  on  board  another  ship  over  2  miles  distant. 

"My  experience  demonstrates  most  clearly,  and  with  no  marked  excep- 
tion, that,  for  signalling  any  distance  beyond  a  few  miles,  the  combination  of 
aerial  wires  and  good  earths  is  essential,  for  both  transmitting  and  receiving 
instruments." 

Let  us  consider,  then,  more  particularly  the  case  of  conductive 
connection  of  the  antenna  with  the  earth.  To  effect  this  a  metal 
plate  is  buried  in  the  earth,  with  which  the  lower  end  of  the  antenna  is 
connected  with  interposition  of  a  spark  gap,  or  else  an  induction  coil 
or  oscillation  transformer  secondary  circuit. 

The  connection  with  the  earth  plate  should  have  as  little  inductance 
as  possible.  In  the  case  of  apparatus  placed  on  board  ship,  the  copper 
sheathing  of  the  hull  or  the  iron  hull  itself  forms  the  earth  plate.  On 
land,  galvanized  iron,  zinc,  or  copper  plates  bmied  in  the  earth  are  used. 
This  earth  plate  should  be  put  in  with  all  the  precautions  used  in  the 
case  of  a  Hghtning  conductor  earth.  It  should  be  capable  of  being 
kept  damp,  and  in  dry  soil  means  should  be  provided  for  wetting  it. 
It  is  -well  to  put  this  earth  plate  in  in  two  separate  sections,  and  then 
the  earth  resistance  can  be  measured  on  a  Wheatstone's  bridge.     The 

**  See  Captain  H.  B.  Jackson,  R.N.,  F.R.S.,  "  On  Some  Phenomena  affectin.^ 
the  Transmission  of  Electric  Waves  over  the  Surface  of  the  Sea  and  Land,"  iVoc, 
Boy.  Soc.  Land.,  1902,  vol.  70,  p.  254. 
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form  of  this  plate  is  important.  It  is  found  that  long  narrow  strips 
give  less  earth-plate  resistance  than  a  single  square  or  roimd  strip. 

The  general  theory  of  earth-plate  resistance  is  as  follows :  Let  a 
conductor  of  any  form  be  supposed  to  be  buried  in  an  infinitely  extended 
medium  of  resistivity,  p.  Then  suppose  the  conductor  buried  in  the 
medium  to  be  charged  to  a  potential  Y,  and  to  have  a  charge  Q. 

Q 

The  quotient  y  is  the  capacity  (C)  of  the  body.     Let  /  be  the  current 

proceeding  normally  from  unit  area  of  the  conductor  into  the  medium. 
Let  E  be  the  normal  electric  force,  and  dn  an  element  of  length  of  the 
normal,  and  ^S  an  element  of  surface  of  the  conductor.     Then — 

-^7  =  E         and  (mS  =  47rQ 
lift  J 

also    ^(//i=4?^^^S  =  Erfn  by  Ohm's  law 
(In  dS  ^ 


Hence    pjldS  =  jmS  =  ^ttQ 


or 


^T  ==   -\7—  =  K  =  conductance  of  the  dielectric 
pV  V 


Therefore     ^C  =  K 
P 

^^  K=^=4:o (71) 

Hence  the  total  resistance  of  the  biiried  conductor  is  numerically 
equal  to  the  quotient  of  the  resistivity  of  the  surrounding  earth  by  the 
capacity  of  the  body  in  homologous  units.  Hence  for  any  given 
position  that  form  of  earth  plate  will  give  the  least  earth  resistance 
which  has  the  largest  capacity. 

In  making  an  "earth"  we  are  concerned  with  initial  cost  and 
durability.  The  cheapest  form  of  earth  plate  consists  of  a  number  of 
stout,  stranded,  thickly  galvanized  iron  wires,  or,  better,  bare  stranded 
copper  wires  spreading  out  radial-fashion  like  the  roots  of  a  tree 
underground.  In  that  manner  we  obtain  ifhe  greatest  earth-plate 
capacity.  Strips  of  zinc  plate  are  also  often  used.  In  this  case,  how- 
ever, care  must  be  taken  not  to  solder  a  copper  wire  to  the  zinc  if  the 
joint  is  buried  underground,  or  else  the  plate  at  the  joint  will  be 
destroyed  by  galvanic  action. 

In  those  cases  in  which  a  conductive  connection  with  the  ground 
is  not  desired,  as  in  temporary  stations  for  military  work,  a  balancing 
capacity  is  used.  This  usually  consists  of  a  large  strip  or  sheet  of  wire 
netting  placed  close  to  the  earth,  but  insulated  from  it  by  glass  or 
porcelain  insulators.  This  netting  is  attached  to  the  lower  end  of  the 
otherwise  insulated  antenna,  and  forms  with  the  earth  a  condenser  of 
large  capacity.  This  capacity  should  be  at  least  equal  to  that  of  the 
antenna  in  connection  v\rith  it,  so  that  the  point  of  connection  of  the 
antenna  is  a  current  antinode. 

It  cannot  be  said  that  the  function  of  the  earth  in  connection  with 


600         THE   PRINCIPLES   OF   ELECTRIC   WAVE  TELEGRAPHY 

electric  wave  telegraphy  is  fully  understood.  It  by  no  means  acts 
simply  as  a  zero  of  potential  or  as  the  so-called  "  common  reservoir  " 
of  ordinary  telegraphy  with  wires. 

In  some  respects  we  may  consider  the  whole  earth,  together  with 
the  sending  and  receiving  antenna,  to  constitute  a  gigantic  Hertz 
oscillator.  There  is  clear  evidence  that  waves  of  potential  are  propa- 
gated over  the  surface  of  the  earth  from  the  base  of  the  sending 
antenna,  and  that  when  electric  oscillations  are  set  up  in  the  latter  it 
is,  so  to  speak,  pumping  electricity  rapidly  into  and  out  of  the  earth  at 
its  base. 

The  conductivity  of  the  earth  is  not  particularly  high,  so  that  points 
on  its  surface  not  very  near  together  may  be  brought  to  considerable 
dijBferences  of  potential,  and  these  distributions  of  potential  can  travel 
wave-fashion  over  its  surface.  In  order  that  this  may  be  the  case, 
however,  there  must  be  a  corresponding  free  electric  wave  travelling  in 
the  space  above  the  earth.  Much,  however,  must  be  learnt  before  the 
true  functions  of  the  earth  in  electric  wave  telegraphy  are  completely- 
understood,  but  it  is  a  matter  of  experience  that  extremely  dry  soil 
between  the  sending  and  receiving  station,  and  particularly  round  the 
sending  station,  has  a  great  effect  in  reducing  the  maximum  telegraphic 
distance. 

18.  The  Effeot  of  Earth  CuPTature  on  Eleotric  WaTe  Pro- 
pagation.— Closely  connected  with  this  part  of  the  subject  is  the  effect 
of  earth  curvature  on  electric  wave  telegraphic  communication.  In  the 
case  of  light  waves,  as  is  well  known,  there  is  diffraction  to  a  small 
extent  into  the  shadow,  but  it  is  only  an  angular  dejflection  of  a  small 
amount.  Suppose,  for  instance,  that  an  ivory  ball  is  placed  in  a  beam 
of  parallel  rays  of  yellow  light.  The  ball  would  be  half  in  shadow,  but 
the  boundary  of  the  shadow  would  not  be  quite  sharp,  and  there  would 
be  a  gradual  but  rather  rapid  transition  from  the  unilluminated  to 
illuminated  portion.  In  this  case,  the  penumbra  would  only  be  an 
exceedingly  small  fraction  of  an  inch  in  width.  Marconi,  however, 
has  sent  electric  waves  from  an  antenna  200  feet  in  height  in  Cornwall, 
England,  across  the  Atlantic  to  Cape  Cod,  in  the  United  States,  a  dis- 
tance of  3000  miles  on  a  gi-eat  circle  line,  or  one-eighth  part  of  the 
circumference  of  the  world.  In  this  case  the  waves  were  propagated 
round  the  earth's  surface,  an  angular  distance  of  45°.  Diffraction 
on  a  similar  scale,  in  the  same  proportion  to  the  wave  length, 
taking  place  in  the  case  of  light,  woiild  mean  that  a  beam  of  parallel 
light  falling  on  a  sphere  4  mm.  in  diameter  would  illuminate  not  only 
one  half,  but  extend,  more  or  less,  into  the  shadow  half  to  the  extent 
of  45°  of  latitude.  This  would  certainly  not  be  the  case,  and  hence  we 
are  presented  with  a  great  difference  between  the  case  of  light  and 
that  of  the  radiation  from  a  Marconi  aerial. 

The  problem  of  the  Hertzian  wave  propagation  along  the  surface 
of  a  conducting  sphere  has  been  mathematically  considered  by  Mr.  H. 
M.  Macdonald,  and  his  analysis  seemed  to  show  that  large  diffraction 
could  take  place,  but  that  the  power  to  send  long  electric  waves 
3000  miles  in  the  direction  of  a  great  circle  line  of  the  earth  exceeded 
that  required  to  send  them  the  same  distance  on  an  imaginary  level 
earth  in  the  ratio  of  10  to  3.'-" 

«  See  Mr.  H.  M.  Macdonald,  Proc.  Roy,  Soc.  Lond.,  1908,  vol.  71,  p.  251. 
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Mr.  Macdonald's  mathematical  argument  has,  however,  been 
criticised  by  Lord  Eayleigh  and  by  M.  Poincare.'"  The  former  has 
remarked  that  there  is  still  something  unexplained  in  the  power  of  long 
Hertzian  waves  to  follow  round  the  earth's  surface  in  this  manner. 

It  is  by  no  means  clear,  however,  that  we  are  entitled  to  compare 
the  wave  emitted  from  a  Marconi  antenna  with  a  light  wave  on  a 
gigantic  scale.  In  the  former  case  we  have  seen  that  what  is  propa- 
gated is  a  semi-loop  of  electric  strain,  which  moves  along  with  its  feet 
on  the  earth.  These  semi-loops  are  never  detached  from  the  earth,  and 
their  earth  ends  follow  round  all  irregularities  of  the  earth's  surface, 
such  as  hills  or  valleys,  being  at  the  earth's  surface  normal  to  it. 

Many  important  questions  remain  to  be  answered  before  we  shall 
have  at  hand  the  material  for  a  complete  theory  of  the  earth's  function 
in  relation  to  electric  wave  telegraphy.  We  must  know,  for  instance, 
whether  the  waves  emitted  by  the  higher  harmonic  oscillations  of 
antennse,  which  are  composed  of  closed  loops  of  electric  strain,  are  less 
diffracted  than  waves  of  equal  wave  length  which  are  emitted  by  the 
fundamental  oscillations  of  other  antennsB.  In  all  these  inquiries  it  is 
essential  to  measure  and  record  the  wave  length,  as  this  must  neces- 
sarily affect  the  result  as  much  as  does  the  wave  length  in  the 
diffraction  phenomena  of  light  and  sound.  Again,  it  is  essential  to 
possess  quantitative  measurements  of  the  wave  energy  of  the  arriving 
wave,  and  we  may  then  have  some  data  by  which  to  discover  the  law 
of  variation  with  distance  of  the  radiation  of  any  given  antenna,  both 
over  plain  and  spherical  earth  surfaces.  Until  there  has  been  a  large 
accumulation  of  facts,  it  seems  useless  to  elaborate  mathematical 
theories  of  the  operation.  We  must  feel  our  way  to  a  true  theory  by 
close  contact  between  h}^othesis  and  observation, 

14.  Relation  between  Height  of  Antenna  and  Maximum 
Signalling  Distanoe.  Harooni's  Law. — Marconi  enunciated  at  one 
time  an  empirical  law  that,  for  simple  vertical  sending  and  receiving 
antennaB  of  equal  height,  the  maximum  working  telegraphic  distance 
varied  as  the  square  of  the  height  of  the  antennse.  It  has  been 
stated  that  the  rule  was  tested  in  experiments  made  on  Salisbury 
Plain  in  1897.**  Also  by  experiments  made  by  Italian  naval  officers 
on  behalf  of  the  Royal  Italian  Navy  in  1900  and  1901.  Captain 
Quintino  Bonomo  has  given  a  r6sHmS  of  these  last  experiments  in  an 
official  report.'* 

If  H  is  the  height  of  the  antennaB  and  D  the  maximum  good 
signalling  distance  in  metres,  then  we  have,  according  to  Marconi's 
law — 

where  c  is  some  constant. 

Captain  Bonomo  gives  the  following  values  of  c  for  various 
apparatus : — 

•*  See  Lord  Rayleigh  and  M.  Poincare,  Proc.  Roy.  Soc,  Lond.,  1908,  vol.  72, 
p.  40. 

"  See  a  letter  by  Captain  J.  N.  C.  Kennedy,  R.E.,  TJie  Electrician,  October  29, 
1897,  vol.  40,  p.  22. 

**  Sec  "  Telcgrafia  senza  iili,"  by  Captain  Quintino  Bonomo,  Rome,  1902,  p.  26. 
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D  in  metres. 


017  to  019  '  69,000 

0-16  „  0-16  :  69,000 

012  „  014  ;  186,000 

012  „  0-16  148,000 


Nature  of  «ppumtiu. 


Marconi  original  apparatus,  plain  aerials. 

Same,  with  longer  sending  spark. 

Marconi  improved  apparatus,  with  jigger  in  receiver. 

The  same,  but  with  Italian  Navy  telephonic  receiver- 


According  to  these  results,  antenna  having  a  height  of  45 
metres  would  enable  communication  to  be  established  over  90  to 
100  miles.     This  table  must  be  taken  to  apply  to  oversea  working. 


50 


40 


50 


20 


10 


^^- 

^^^^ 

^y^ 

/ 

7 

10      20     50     40     50     00     70     80     50     100    110     ISO    150    I40 

Signalling  Distance  in  Kilometrss. 

Fig.  24. — Curve  showing  the  Relation  between  Height  of  Sending  Antenna  in 
Metres  and  Signalling  Distance  in  Kilometres  derived  from  the  Experience 
of  the  General  Electric  Company  of  Berlin. 

In  a  brochure  issued  by  the  AUgemeine  Elektricitats  Gesellschaft  in 
1902,  describing  the  Slaby-Arco  system,  a  curve  is  given  (see  Fig.  24) 
showing  the  height  of  aerials  required  for  various  distances  for  over- 
sea working.  It  will  be  seen  that  the  curve  approximately  complies 
with  the  Marconi  law.  It  is,  however,  expressly  stated  in  the 
pamphlet  that  this  curve  cannot  be  applied  to  overland  working. 
According  to  the  curve  given  for  the  Slaby  apparatus,  the  value  of  c 
varies  from  014  to  016  when  heights  and  distances  are  both  measured 
in  metres.  This  does  not  differ  very  greatly  from  the  Italian  Navy 
value  of  the  same  constant. 

Marconi's  law  can  be  deduced  theoretically  as  follows:   Herts 
has   shown   that  at  distances   large   compared  with   its   length  the 
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magnetic  force  of  a  linear  oscillator  varies  inversely  as  the  distance 
(see  Chap.  V.  §  7,  equation  27).  The  maximum  value  of  the  current 
set  up  in  any  given  receiving  antenna  varies  as  its  length,  also  as  the 
magnetic  force  of  the  waves  incident  on  it,  and  as  the  maximum 
value  of  the  current  in  the  transmitting  antenna.  Hence,  if  M  is  the 
magnetic  force  of  the  waves  incident  on  a  receiving  antenna  of  height 
H,  and  if  D  is  the  distance  between  the  sending  and  receiving  antenna, 
and  if  I^  and  I^  are  the  maximum  values  of  the  currents  in  the  sending 
and  receiving  antennaB,  we  have — 

Ma^    andZ,aMH 

Hence    I^(x    j^ 

Also,  since  for  a  given  charging  voltage  the  current  /,  in  the  sending 
antenna  varies  very  nearly  as  its  capacity— that  is,  as  its  height — and 
if  the  sending  antenna  has  the  same  height,  H,  as  the  receiving  aerial, 
we  have — 

/,ocH 


But    /^a-^ 


/^H 
D 


H* 
Therefore    /j  a  j^  a  some  constant 

For  any  given  receiving  apparatus  a  certain  constant  minimum 

value  of  the  maximum  current  in  the  receiving  antenna  is  necessary 

to  cause  a  signal.     Therefore  it  follows  that,  with  given  receiving  and 

H' 
sending  apparatus,  we  must  have  -pv  a  constant,  or — 

H  =  c-/D 

That  is,  the  maximum  signalling  distance  with  given  apparatus  will 
vary  as  the  square  of  the  height  of  the  antenna. 

The  above  law  is,  however,  much  interfered  with  by  the  nature  of 
the  surface  over  which  the  propagation  takes  place. 

The  variation  of  current  in  the  receiving  antenna  with  distance 
has  been  experimentally  investigated  by  Messrs.  Duddell  and  Taylor.'^ 
They  operated  with  direct-coupled  antennsB,  and  measured  with  a 
Duddell  thermal  ammeter  the  current  in  the  receiving  antenna.  They 
used  a  wave  stated  to  be  400  feet  in  wave  length,  but  which  was 
probably  somewhat  longer,  and  they  measured  the  current  with  the 
Duddell  thermal  microammeter  (see  Fig.  24,  Chap.  YI.)  both  in  an 
antenna  alone  and  in  one  tuned  to  the  incident  wave.  The  residts  of 
some  of  their  observations,  giving  the  distances  between  the  stations 
in  feet  and  the  B.M.S.  value  of  the  current  near  the  base  of  the 
receiving  antenna  in  microamperes  in  the  case  of  the  tuned  and 
untuned  antenna,  are  set  forth  in  the  following  table,  and  graphically 
in  the  curves  in  Figs.  25  and  26. 

*'  See  "  Wireless  Telegraph  Measurements,"  by  W.  Duddell  and  J.  E.  Taylor, 
Joum.  Inst,  Elec.  Eng.  Lond.,  1906,  vol.  35,  p.  821. 
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''no    ^06      300      400      50O6OO7DO       800       SOOJpOOMOO^ZDO    1*300 

Distance  between  Transmittbb  and  Beoeiveb.  J^^- 

From  the  **  Journal  qf  the  Inttitution  qf  Slectrieal  Engituert.- 

Fig.  25.— Curve  showing  the  Variation  of  R.M.S.  Value  of  the  Current  in  the 
Receiving  Antenna  as  the  Distance  between  the  Transmitter  and  Receiver  is 
varied.    From  experiments  by  Messrs.  Duddell  and  Taylor. 

CUBBENT  IN  THE  RECEIVING  ANTENNA  WHEN  DiSTANCK  BETWEEN  THB  SYNTONIC 
ReCEIVEB  and  TbANSMITTEB  18  VABIED. 

HeigJU  of  Receivitig  Antenna,  56  feet    Height  of  Transmitting  Antenna,  42  feet. 


Currents  in  antennie. 

DistdDce  in  feet 
between  antenna). 

Product  of  distance  aiMl 

Transmitter. 

1             Reoeiyer. 

currents  in  receiving 
antenna. 

Amperes. 

Micrusmperes. 

100 

0-601 

12820 

1-282 

200 

0-607 

6486 

1-287 

300 

0-668 

4648 

1-864 

400 

0-641 

8108 

1-248 

1260 

0-641 

716 

0-901 

2420 

0-606 

288-6 

0-686 

8700 

0-617 

106 

0-888 

4600 

0-668 

96-5 

0-444 

6220 

0-668 

69-6 

0-432 
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The  interposition  of  trees  was  found  to  affect  the  result  law  of 
variation  sensibly,  but  the  general  result  is  to  show  that  the  currents 
in  the  receiving  antenna  varied  rather  more  rapidly  than  it  should 
have  done  in  accordance  with  the  law  of  inverse  distance,  but  less 
rapidly  than  in  accordance  with  the  law  of  the  inverse  square  of  the 
distance.  The  curves  clearly  indicate  that  at  close  quarters  the 
current  in  the  receiver  varies  more  rapidly  than  at  greater  distances. 


Distance  between  Tbansmittbr  and  Bscetveb. 

From  the  **  Journal  of  the  Imtituium  </  Sloetrkal  Bnginetrt" 

Fig.  26.— Curves  showing  the  Variation  of  R.M.S.  Value  of  the  Current  in  the 
Receiving  Antenna  as  the  Distance  between  the  Sending  and  Receiving 
Stations  is  varied.    From  experiments  by  Messrs.  Duddell  and  Taylor. 

Within  the  distance  of  a  wave  length  there  is  a  very  rapid  decrease, 
which  tends  at  much  greater  distances  to  come  more  nearly  in 
accordance  with  the  law  of  the  inverse  distance.  This  is  quite  in 
agreement  with  the  deductions  from  Hertz's  theory.  He  showed, 
as  explained  in  §  7  of  Chapter  Y.,  that  for  a  linear  oscillator  the 
electric  force  at  a  great  distance  varies  inversely  as  the  distance  from 
the  oscillator,  but  that  this  law  of  variation  does  not  hold  good  at 
relatively  small  distances.     M.  C.  Tissot  (see  Die  Eleciiician,  1906, 
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vol.  56,  p.  848)  has  made  similar  experiments  with  a  bolometer 
cymoscope  inserted  in  the  receiving  antenna  circuit,  and  confirmed 
the  fact  that  the  effective  or  B.M.S.  value  of  the  antenna  curreat  at 
the  receiver  station  approximately  varies  inversely  as  the  distance 
from  the  transmitting  station. 

15.  The  Effeot  of  Obstacles  between  the  Sending  and  Re- 
oeiving  AntenncB. — Although  earlier  observations  seemed  to  sho^^ 
that  hills,  trees,  and  buildings  did  not  form  an  insuperable  barrier  to 
telegraphic  communication  by  electric  waves,  yet  later  quantitative 
measurements  have  proved  that  the  effects  produced  by  the  inter- 
position of  such  obstacles  is  quite  sensible,  and  in  some  cases  very 
pronounced. 

The  diminution  of  signalling  distance  due  to  the  interposition  of 
hills  and  cliffs  of  various  materials  and  heights  has  been  elaborately 
investigated  by  Captain  H.  B.  Jackson,  R.N.,  of  the  British  Navy, 
and  his  results  were  communicated  to  the  Royal  Society  of  London 
in  1902.« 

The  experiments  were  conducted  between  ships  of  the  British 
Navy  provided  with  apparatus  on  the  Marconi  system,  the  cymoscope 
used  being  a  metaUic  filings  coherer,  and  the  test  employed  being  the 
maximum  distance  at  which  good  Morse  signals  could  be  sent  between 
two  ships.  The  transmitting  and  receiving  apparatus  were  timed,  and 
the  wave  length  employed  was  the  fundamental  one  used  in  the  British 
Navy.  The  wave  length  used  is  not  precisely  stated  in  the  paper,  but 
was  probably  600  or  1000  feet.  In  describing  the  results,  we  shall 
quote  freely  from  Captain  Jackson's  paper.  The  observations  proved 
that  the  interposition  of  land,  especially  rocks  of  certain  kind,  greatly 
reduces  the  maximum  signalling  distance  between  ships  equipp^  with 
wireless  telegraph  apparatus  as  compared  with  the  distance  over  open 
sea  for  the  same  equipment.  The  results  are  collected  in  the  tables 
on  pp.  607  and  608.  These  tables.  III.  and  IV.,  and  accompanjang 
diagrams  1  to  8  given  in  Plate  VII.  (see  end  of  this  chapter),  are,  by 
kind  permission,  taken  from  Captain  Jackson's  paper. 

In  reference  to  the  above  observations,  Captain  Jackson  says — 

*'  An  examination  of  these  results  shows  the  marked  difiEerence  between  the 
effects  due  to  the  various  natures  of  the  intervening  land. 

"  Summarizing  them  for  soft  rocks,  hard  limestone,  and  limestone  containing 
a  large  proportion  of  iron  ores  respectively,  the  percentage  of  maximum  signalling 
distance  through  them  compared  to  the  open-sea  distance  is  as  follows :  — 

Soft  sandstone,  Hard 

shale,  etc.  Umesione.                      Iron  ora. 

Maximum  distance 81  68  Less  than  40 

Minimum        , 66  25                   ,,28 

Mean                „            72  68                   ,,.82 

"  Consider,  firstly,  the  soft  rocks :  The  two  maxima  percentages  of  distance 
(81  and  80)  are  over  rather  low  land  of  no  great  thickness ;  the  minimum,  56  per 
cent.,  is  over  high  land,  half  as  thick  again  as  in  these  cases. 

"Secondly,  the  limestone:  The  maximum  percentage  (68)  is  over  the 
thinnest  layer  recorded  of  limestone  (see  36  in  Table  III.,  p.  607,  and  correspond- 
ing diagram  in  Plate  VII.  at  the  end  of  this  chapter),  the  minimum  (less  than  25) 

"  See  Captain  H.  B.  Jackson,  R.N.,  F.R.S.,  "  On  some  Phenomena  affecting 
the  Transmission  of  Electric  Waves  over  the  Surface  of  Sea  and  Earth,"  Proc. 
Boy.  Soc.  Lond.y  1902,  vol.  70,  p.  254. 
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is  over  a  precipitous  high  mountain  through  which  no  signals  could  he  passed  at 
any  distance,  though  they  were  obtained  without  difficulty  over  a  low  promontory 
of  the  same  island  and  of  the  same  formation,  when  both  ships  had  moved  to  such 
positions  as  to  bring  the  low  instead  of  the  high  land  between  them  {Sh  and  Sg). 

*'  Thirdly,  the  rocks  containing  iron  ores :  In  all  these  cases  a  greater  loss  of 
proportional  distance  is  recorded  than  in  the  others — and  it  was  exceptional  to 
receive  any  signals  at  all — and  the  best  result  recorded  in  several  trials  was  but 
89  per  cent,  of  the  open<sea  distance. 

*'  The  results  shown  in  Fig.  6  are  the  most  conclusive  that  I  have  obtuned  in 
proving  the  screening  effect  of  hard  rocks  containing  iron  ores  on  the  passage  of 
electric  waves  through  land.  The  pinnacle  of  rock  shown  therein  represents  an 
extremely  precipitous,  narrow,  but  high  promontory  jutting  out  from  the  main- 
land and  rising  abruptly  out  of  the  sea,  to  which  it  is  steep  to^  so  that  the  ship 
could  pass  close  to  it  m  perfect  safety  at  a  distance  of  about  100  yards. 

'*  To  ascertain  the  effect  of  this  wedge-like  obstruction,  the  ship  was  steered 
close  to  the  land,  and  her  position  was  carefully  noted  when  signals  ceased  or 
commenced.    These  signals  were  being  sent  continuously  from  another  vessel 

(distant  18  miles)  during  the  whole  period  of  the  trials,  the  letter  F  ( , 

in>  Morse  Code)  being  made  by  her  at  the  rate  of  twenty-five  per  minute  by  my 
syntonic  transmitter. 

"  The  results  showed  that  the  signals  ceased  and  coimnenced  abruptly  at  the 
moment  that  the  aerial  wire  passed  the  tangent  from  the  transmitting  ship  to  the 
edge  of  the  cliff  ;  the  action  was  so  abrupt,  that,  on  one  transit,  the  latter  part  of 
the  long  sign  in  the  '  F '  was  the  first  indication  of  signals  that  was  received ;  and 
on  another  transit,  in  the  opposite  direction,  the  long  of  the  *  F '  was  the  last 
sign  received,  the  short  being  dropped ;  these  were  unusual  results,  as  the  signals 

generally  die  away  gradually,  the  long  signs  breaking  up,  thus :  ( ),  and 

the  shorts  appearing  as  dots  (.),  before  any  signs  aro  actually  lost. 

"  Another  point  that  may  now  be  considered,  is  the  case  shown  in  (46),  when 
signals  could  not  be  exchanged  when  the  ship  was  close  under  the  land,  but 
could  be  when  clear  of  the  land  and  in  the  same  direction  as  before ;  the  trial 
was  repeated  on  several  occasions  for  verification. 

"  Possibly  the  case  previously  considered  is  of  the  same  class,  as  it  is  note- 
worthy, that  when  the  ship  was  further  off  the  promontory  and  also  from  the 
transmitting  ship,  though  the  two  ships  were  still  masked  by  high  land  of  much 
greater  thickness  than  before,  a  few  stray  signals  were  received  occasionally, 
which  evidently  passed  over,  not  round,  and  not  through  the  land,  as  the  ship  was 
then  in  a  land-locked  bay. 

'*  Bef erring  now  to  8e  and  8/,  where  the  intervening  land  was  both  higher  and 
thicker,  and  yet  did  not  stop  signals  at  longer  proportional  distances,  it  may  be 
concluded  that  the  waves  of  electrical  induction,  which  must  pass  from  ship  to 
ship  in  order  to  record  signals,  may  in  certain  cases  pass  through  the  land. 
Thus :  one  of  the  ships  was  lying  alongside  a  perpendicular  cliff  of  considerable 
height,  and  yet  only  experienced  a  loss  of  distance  of  about  12  per  cent. 

*'  8a  gives  a  typical  case  of  waves  passing  throi2gh;valleys,  and  the  results  were 
so  marked  and  so  frequently  repeated  with  different  ships  and  on  separate  occa- 
sions that  eventually  the  track  of  a  vessel,  proceeding  at  a  known  speed,  could  be 
roughly  estimated,  though  distant  25  miles,  by  noting  the  intervals  between  the 
times  when  signals  were  lost  and  when  received,  and  comparing  these  intervals 
with  the  time  taken  by  the  ship  to  cover  the  distances  between  the  valleys,  which 
were  well  delineated  on  the  chart,  and  through  which  the  waves  could  evidently 
wind  their  way  with  less  obstruction  than  by  any  other  route. 

**  We  have  thus  obtained  evidence  that  the  waves  of  electric  induction  may 
pass  (1)  through  land,  (2)  over  land,  (3)  round  land,  but  that  a  large  proportion 
of  their  energy  is  lost  in  doing  so.  (4)  That  the  screening  effect  of  the  land 
varies  with  its  nature,  and  is  greater  for  iron  ores  than  for  limestone  alone,  and 
that  for  this  latter  it  is  greater  than  for  soft  rocks.  No  effects  which  could  be 
attributed  to  interference  of  waves,  due  to  refiection  from  a  hilly  background, 
have  been  recorded  by  me. 

Captain  Jackson  then  describes  his  observations  on  the  effects  of 
varying  conditions  of  the  atmosphere  on  the  effective  distance  working 
of  electric  wave  telegraphy.     He  says — 

"  Some  of  these  conditions  constitute  a  most  serious  obstacle  to  the  effective 

2   R 
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transmission  of  electric  waves  over  medium  distances,  and  are,  in  oonseqnen.^ 
a  source  of  error  likely  to  be  encountered,  and  which  cannot  'be  foretold  l>: 
allowed  for  in  wireless  telegraphy.** 

*' These  effects  are  much  less  frequently  noticed  in  temperate  than  in  su- 
tropical  regions.  In  the  Mediterranean  Basin  they  seem  to  be  p«rticalarly  ^icsir 
lent,  and  most  persistent  in  summer  and  autumn. 

"  Owing  to  their  sudden  advent  and  their  equally  sudden  cessation,  it  is  m^>: 
difficult  to  carry  out  systematic  or  pre-arranged  experiments." 

He  therefore  confines  his  remarks  to  observations  made  in  varioi? 
parts  of  the  Mediterranean  Sea.  Speaking  of  these  atmospheric  eStth. 
he  says  (Joe.  cU.) — 

"  The  first  case  is  that  due  to  the  effects  of  lightning  discharges  which  m^y  - 
may  not  bo  visible  at  the  station  where  its  effects  are  noticed.  As  a  rule,  w. . 
the  instruments  in  normal  adjustment,  the  effect  of  every  discharge  is  to  record  ■ 
signal,  the  exceptions  being  very  few. 

The  method  adopted  to  observe  this  was  to  fit  an  electrical  bell,  workd  : 
the  receiving  instruments,  close  to  the  observer,  and  at  night  observe  the  fla^i- 
and  note  if  the  bell  rang. 

'*  For  detailed  observations,  it  was  found  more  convenient  to  record  the  e5... 
on  the  tape,  and  this  was  the  method  subsequently  adopted.  On  the  appn^ch  .: 
the  area  of  disturbance  towards  the  ship,  the  first  visible  indication  generallv:^ 
—the  recording  of  dots  at  intervals  varying  from  a  few  minutes  to  a  few  secj:}'> 
secondly,  the  recording  of  three  dots  with  a  space  between  the  first  two,  tt_- 
(-  -  -)  or  (7  i,  in  the  Morse  Code,  and  this  is  the  sign  most  frequently  reccr^  . 
by  distant  lightning;  thirdly,  the  recording  of  dafiies;  the  intervals  hH^^- 
tbese  then  gradually  decrease  and  merge  into  irregular  signs,  which  have  $•.» 
times  spelt  words  in  the  Morse  Code;  the  effects  generally  die  out  more  sudde:- 
than  they  appear. 

"  They  are  much  more  frequent  in  summer  and  autumn  than  in  winter  a: 
spring — in  the  neighbourhood  of  high  mountains  than  in  the  open  sea- 
southerly  than  in  northerly  winds  (in  the  Mediterranean  Sea) — in  the  front  :  - 
cyclonic  disturbance  of  the  atmosphere  than  in  the  rear,  and  with  a  i^Ll .  < 
barometer  than  with  a  rising  one.  In  settled  fine  weather,  if  present,  they  n:^- 
their  maxima  between  8  and  10  p.m.,  and  frequently  last  during  the  whol^  ni.:: 
with  a  minimum  of  disturbance  between  9  a.m.  and  1  p.m. 

"  The  next  cause  which  is  intimately  connected  with  the  above  is  the  sh.  r* 
distance  at  which  signals  can  usually  be  received,  when  any  electrical  disturl^L. 
are  present  in  the  atmosphere,  compared  to  the  distance  at  which  they  caj.  > 
received  when  none  are  present.    Tne  distance  varies  from  about  30  to  8ii  t- 
cent,  compared  with  that  obtained  in  fine  clear  weather.    It  does  not  in  any  vi 
decrease  with  the  increase  of  the  number  of  lightning  discharges  which  r«^-'  ' 
their  effect  on  the  instruments,  at  any  given  time,  but  rather  the  reverse,  thV 
in  distance  generally  preceding  the  first  indications,  on  the  instruments,  ot  i^ 
approaching  electrical  disturbance. 

•'  A  very  marked  case  is  given  as  an  example :  Two  ships  whose  instmnLr-' 
were  in  perfect  order,  and  whose  sea-signalling  distance  was  about  65  to.-- 
opened  their  distance  from  each  other  on  a  fine,  calm,  bright  day ;  when  t: 
were  22  miles  apart  the  signals  died  away,  though  there  was  no  intervening  1j 
or  other  apparent  cause  for  this,  but  it  was  noticed  that  the  barometer  wa<  h 
ing  ;  the  ships  closed,  and  got  into  communication  again.    Atmospheric  di^ti.'. 
anccs  were  then  registered  on  both  sets  of  instruments,  and  on  the  ships  ope 
out  again,  no  signals  were  obtained  over  20  miles.    The  trials  were  conclu 
shortly  after,  owing  to  intervening  land.    A  few  hours  later  a  heavy  wintox  .  - 
came  on,  and  its  approach  had  evidently  been  foretold  by  the  falling  baronir: 
the  loss  of  distance  in  signalling,  and  the  electrical  disturbances  in  the  au. 
sphere,  as  shown  by  the  signals  received  on  the  instruments.  No  lightning  fla^i 
wore  observed. 

"  On  another  occasion,  during  a  period  of  strong  but  intermittent  atino«:pL»  - 
effects,  no  signals  were  obtainable  between  two  ships  up  to  the  usual  maxir.  -' 
signal  distance.      When  separated  60  per  cent,  beyond  this  distance,  and  inu 
diately  after  a  particularly  strong  and  persistent  series  of  electrical  dischar. 
the  latter  half  of  a  signal,  which  was  being  transmitted  very  slowly, 
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dcciphored  at  a  distance  then  considered  phenomenal,  with  the  instruments 
employed  at  the  time.  A  few  minutes  later  the  atmospheric  effects  vanished, 
and  with  them  all  signs  of  further  signals,  till  the  ships  had  closed  to  their  usual 
signalling  distance.  This  demonstrates  that  the  actual  electrical  discharges  do 
not  of  themselves  reduce  the  signalling  distance  or  transmission  of  the  waves  at 
all  times,  hut  that  th&y  may,  under  some  circumstances,  assist  ^at  transmission, 
possihly  hy  a  cumulative  effect  of  the  waves  emitted  hy  the  discharges  on  the 
waves  emitted  hy  the  transmitter,  these  comhining  and  increasing  the  effect  in 
the  receiver. 

'*  Another  observed  effect  which  reduces  the  usual  signalling  distance  is  pro- 
bably due  to  the  presence  of  material  particles  held  in  suspension  by  the  water 
spherules  in  a  moist  atmosphere. 

'*  The  Mediterranean  Sea  is,  for  days  together,  frequently  exposed  to  the  force 
of  the  scirocco  wind ;  this  south-easterly  wind  is  laden  with  damp,  and  often 
charged  with  salt  from  spray,  and  dust  particles  from  the  African  coast.  During 
the  continuance  of  these  winds,  the  maximum  signal  distance  is  generally  less 
than  in  winds  (wet  or  dry)  from  any  other  quarter,  the  proportional  distance 
being  from  about  60  to  80  per  cent.  The  effect  of  a  scirocco  wind  can  be  and  is 
allowed  for  in  practical  wireless  telegraphy." 

The  electric  discharges  due  to  atmospheric  electricity  create  electro- 
magnetic waves  of  an  irregular  type,  which  interfere  with  wireless 
telegraphy  by  causing  irregular  signals.  These  are  technically  termed 
X's.  At  times  they  cause  the  signals  to  be  illegible  by  interposing 
irregular  dots  and  dashes  in  amongst  those  due  to  the  signals  sent. 
Hence  means  have  been  devised  for  sifting  out  the  waves  due  to  these 
irregular  atmospheric  disturbances,  and  preventing  them  from  in- 
fluencing the  receiving  instrument.  One  of  these  devices,  due  to 
Mr.  Marconi,  has  received  the  name  of  an  X-slapper.  The  general 
arrangement  of  the  apparatus  will  be  understood  from  the  ac- 
companying diagrams  (see  Figs.  27a,  276,  and  27^).^'  According 
to  this  invention,  the  aerial  or  antenna  is  not  connected  directly 
to  the  earth  through  the  primary  coil  of  an  oscillation  transformer, 
but  a  condenser  and  an  inductance  coil,  or  a  series  of  condensers 
and  inductance  coils,  are  interconnected.  Thus,  in  Fig.  27a,  a  is 
the  antenna,  c  is  a  condenser,  h  is  an  inductance  coil,  e  is  the  primary 
coil  of  the  oscillation  transformer,  d  is  the  secondary  coil  in  con- 
nection with  the  cymoscope,  or  other  detector,  and  /  and  g  are  earth 
connections.  The  connection  to  earth  may  be  made  either  as  in 
Fig.  27a  or  Fig.  27b,  Arranged  in  a  more  effective  form,  the  con- 
densers and  earth  connections  are  multiplied  as  in  Fig.  27c.  The 
operation  in  the  last-described  form  is  as  follows :  If  the  antenna  a 
is  influenced  by  an  irregular  disturbance,  either  a  solitary  wave  or  a 
short  train  of  waves  of  period  not  agreeing  with  that  for  which  the 
cymoscope  is  tuned,  then  these  oscillations  pass  to  earth  through  the 
earth  wire  //,  but  they  do  not  set  up  oscillations  in  the  connected  con- 
denser circuit.  If,  however,  a  train  of  waves  falls  on  the  antenna  of 
tlie  right  wave  length,  it  sets  up  oscillations  in  the  connected  condenser 
circuits,  provided  that  the  circuit  consisting  of  the  condenser  and  that 
section  of  the  inductance  coil  lying  between  the  condenser  and  the 
point  of  attachment  p  to  the  antenna,  has  such  a  free  time  period  of 
oscillation,  that  it  agrees  with  that  for  which  the  cymoscope  is  tuned. 
To  secure  tliis,  the  point  of  attachment  ;>  of  the  antenna  to  the  induct- 
ance coil  b  must  be  near  a  node  or  point  of  minimum  of  potential  on 

"  See  British  specification  of  G.  Marconi,  No.  4869,  February  27,  1904. 
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Fig.  27c. 

Diagram  showing  the  Couuoctions  in  Marconi's  X-stopper.  a,  receiving  antenna ; 
j},  inductance  coil  with  sliding  contact,  h\  c,  condenser;  e,  <i,  jigger  in 
cymoscope  ;  /,  </,  earth  plates. 
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the  condenser  and  inductance  circuit,  whilst,  of  course,  the  point  of 
attachment  to  the  earth  is  also  a  potential  node.  Thus,  for  instance, 
in  reference  to  Fig.  27a,  starting  from  the  point  of  attachment  p  of 
the  antenna  to  the  inductance  coil  b,  there  are  two  paths  by  which 
the  oscillations  may  travel  to  earth.  One  of  these  paths,  gg,  not  having 
a  condenser  inserted  in  it,  has  no  very  particular  time  period  of  oscil- 
lation, the  other  path,  hcfj  having  in  it  a  condenser  and  inductance, 
has  a  definite  oscillation  time  period  of  its  own,  and  therefore  oscilla- 
tions are  established  in  this  latter  circuit  only  if  the  impulses  arriving 
at  the  point  of  attachment  of  the  antenna  agree  in  period  with  that 
defined  by  the  inductance  and  capacity.  In  the  arrangement  as  shown 
in  Fig.  27r,  a  repeated  sifting  process  is  therefore  applied  to  the 
electrical  oscillations. 

At  each  junction  of  one  circuit  with  the  next,  oscillations  pass  to 
earth,  unless  they  have  very  nearly  the  time  period  defined  by  the 
circuit  having  the  condenser  in  it.  Thus,  at  each  step,  oscillations  of 
any  frequency,  different  even  in  a  small  degree  from  that  for  which 
the  cymoscope  circuit  is  adjusted,  will  be  subjected  to  a  process  of 
filtration.  The  syntonic  oscillation  will  be  passed  on  through  the 
condenser  circuit,  but  the  non-syntonic  will  be  passed  to  earth. 
Thus,  the  arrangement  figured  in  Fig.  27c  constitutes  a  very  effective 
device,  not  only  for  avoiding  disturbances  due  to  atmospheric  dis- 
charges, but  also  interference  due  to  other  non-syntonic  or  deUberate 
disturbances. 

In  reference  to  this  question  of  the  effect  of  obstacles,  we  may 
make  mention  of  some  further  interesting  observations  made  by 
Captain  Jackson,  E.N.,  in  course  of  work  done  in  wireless  telegraphy 
for  the  British  Navy.  They  are  concerned  with  the  production  of 
areas  of  weak  reception  when  ships  which  are  signalling  to  each 
other  are  placed  in  certain  relative  positions.  Captain  Jackson,  in 
the  paper  above  mentioned  (/or.  ciL),  says — 

'*  This  phenomenon  manifests  itself  by  the  gradual  weakening  and  occasionally 
by  the  total  cessation  of  signals,  as  tbe  distance  between  tbe  two  ships  increases, 
up  to  a  certain  point,  and  their  reappearance  as  the  distance  is  still  further 
increased ;  in  the  majority  of  cases  the  weakening  of  signals  occurs  at,  or  about, 
half  the  signalling  distance  in  the  open  sea,  under  the  same  circumstances,  which 
circumstances  include  the  direct  connection  of  the  aerial  wire  to  one  ball  of  the 
induction  coil  used  for  transmission. 

'*  The  three  following  examples  are  typical  cases.  Units  of  distance  are  given 
in  lieu  of  nautical  miles. 

"  (a)  A  ship,  A,  steamed  away  from  a  station,  B,  to  ascertain  the  maximum 
distance  at  which  she  could  receive  signals  in  the  open  sea. 

"  At  48  units  of  distance  the  signals  weakened,  at  57  they  ceased,  at  65  they 
appeared  again,  and  were  kept  up  to  100  units  of  distance. 

•*  (6)  Four  ships,  C,  D,  E,  F,  steered  as  shown  in  the  diagram,  the  maximum 
signalling  distance  between  each  pair  being  about  100  units  of  distance. 

"  (The  results  of  the  signals  transmitted  by  D  are  those  specially  to  be  con- 
sidered.) 

"  In  position  (1)  D's  signals  were  received  by  E,  F,  not  by  C. 

f»  n  (2)      a  M  n  »»  ».  P»         »»         ^i  ^' 

>f  »l  (3)       u  yy  M  »>  n       0,   F,  „  E. 

"  C  did  not  commence  signalling  before  reaching  (2),  and  her  signals  were 
received  by  D  and  E,  and  maintained  by  them  to  position  (8),  when  the  trial  was 
finished. 
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"  E*s  signals,  which  were  few  in  number,  were  received  by  C  and  D  in  (3),  but 
not  by  D  in  (2). 

'*  (f .)  lu  the  third  example,  ships  D  and  F  carried  out  a  similar  trial  Indepeii- 
doutly.  Between  45  and  55  similar  units  of  distance  no  signals  could  be  ex- 
chauged  either  way,  thougn  at  60  units  and  above,  and  below  40,  the  signalling, 
was  perfect. 

"  To  further  verify  that  it  was  the  system  of  transmission  that  was  the  canse  of 
this  cessation  of  signals,  a  syntonic  method,  of  the  same  approximate  frequency 
of  transmission,  though  of  rather  less  power,  was  used  alternately  with  the  other 
system.  Signals  were  exchanged  peHectly  with  the  syntonic  method,  but  on 
reverting  to  the  other  method  the  signals  again  oeaaed. 

''  This  was  tried  repeatedly  with  identical  results.  Many  other  similar  case$ 
have  been  recorded,  but  the  efifeots  are  not  always  so  equally  well  marked,  even 
under  identical  circumstances." 

In  reference  to  the  cause  of  this  effect,  Captain  Jackson  says — 

"  I  consider  this  effect  is  due  to  want  of  synchronism  in  the  oscillatory  dis- 
charge between  the  spark  balls  of  the  transmitter.  This  want  of  synchronism 
has  also  been  observed  by  others  in  the  photographs  of  oscillatory  spark  discharges. 
C.  Tissot  **  especially  remarks  that,  in  his  apparatus  (presumably  used  for  a  wire- 
less telegraph  transmitter)  the  images  of  the  successive  sparks  are  not  equidistant, 
and  tbat  the  first  interval  is  always  greater  than  the  other  intervals,  which  also 
decrease  very  slightly.  This  implies  that  the  first  wave  emitted  is  longer  than 
the  second,  and  so  on.  Owing  to  the  rapid  damping  of  our  form  of  transmitter, 
probably  only  the  first  two  or  three  waves  emitted  are  of  any  practical  Talue  in 
exciting  the  coherer  in  wireless  telegraphy  at  a  distance  of  SO  miles;  and  to 
excite  it  at  such  distances  with  the  power  used  in  these  transmitters,  it  is  pro- 
bably essential  that  the  effects  of  the  successive  waves  should  be  cumulative  in 
their  action,  and  for  them  to  be  so  they  must  syntonize  with  the  natural  period 
of  oscillation  of  the  receiving  circuit,  which  period,  in  the  cases  under  notice,  was 
the  mean  frequency  of  the  waves  emitted  by  the  transmitter  as  nearly  as  this 
could  be  practically  adjusted. 

"Consider  the  first  two  waves  emitted,  or  the  interval  between  the  first  and 
fifth  sparks  of  the  oscillatory  discharge,  when  the  third  one  is  not  spaced  midway 
between  them ;  the  resulting  waves,  differing  but  little  in  length,  and  moving 
with  equal  velocities  i  and  in  the  same  direction,  leave  a  point  O  (the  spark 
gap),  the  second  starting  a  mean  wave  length  behind  the  first  one,  and  in  the 
same  phase;  at  some  fixed  point,  P,  in  their  path,  owing  to  the  diffezenoe  in 
their  length,  the  two  waves  will  pass  that  point  in  the  opposite  phase,  and  at 
a  point,  Q,  approximately  double  the  distance  from  O  that  P  is  from  O, 
they  will  pass  Q,  again  in  the  same  phase,  and  so  on,  as  at  all  points  the 
second  wave  is  a  mean  wave  length  behind  the  first  one.  To  excite  tiie  coherer^ 
under  the  conditions  presiuned  to  be  necessary  for  long  distances,  the  impulsea 
due  to  these  waves  must  syntonize  with  the  natural  period  of  oscillation  of  the 
receiving  circuit,  and  therefore  these  successive  waves  must  pass  by  that  circuit 
(wherever  it  may  be),  with  the  second  following  in  the  same  phase  as  the  first,  or 
nearly  so,  otherwise  the  tendency  of  the  second  one  will  be  to  weaken  or  annul 
the  effect  of  the  first  one. 

"  At  the  point  P,  therefore,  when  the  waves  are  in  opposite  phase,  it  may  be 
expected  that  signals  will  be  weak,  and  at  Q,  when  they  are  in  phase,  they  may 
he  strong,  but,  owing  to  Q's  distance  from  O  being  double  that  of  P,  the  effect  of 
each  individual  impulse  at  Q  is  only  half  its  effect  at  P,  and  Q  may  be  the 
maximum  distance  from  O,  at  which  the  cumulative  effect  of  the  successive  waves 
will  excite  the  coherer,  even  when  they  are  in  phase  and  in  perfect  syntony  with 
the  receiver  circuit. 

"  I  have  not  yet  been  able  to  investigate  the  exact  cause  of  the  non-synchro- 
nous emission  of  the  waves,  but  I  attribute  these  *  zones  of  weak  signals  *  (as  I 
term  them)  to  this  non-synchronous  emission  of  the  waves,  and  to  the  rapid 
damping  of  this  form  of  transmitter,  and  would  observe  that  when  using  mv 
syntonic  transmitter,  in  which  the  damping  is  less  rapid,  I  have  never  noticed 
these  effects." 


»•  Comptes  RendiiSy  March  26,  1901,  vol.  182,  p.  763 :  and  December  2,  1901. 
vol.  183,  p.  929. 
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He  finally  sums  up  his  conolusions  in  this  important  paper  in 
reference  to  wireless  telegraphic  communication  over  sea  between 
ships  as  follows : — 

**  (1)  That  intervening  land  of  any  kind  reduces  the  practical  signalling  dis- 
tance between  two  ships  or  stations,  compared  with  the  distance  obtainable  in 
the  open  sea,  and  that  this  loss  in  distance  varies  with  the  height,  thickness, 
contour,  and  nature  of  the  land ;  and  that,  based  on  the  results  of  these  obser- 
vations, it  may  be  concluded  that  some  of  the  waves  of  electric  induction,  trans- 
mitted by  wireless  telegraphy,  may  pass  through,  over,  and  possibly  round  the 
land,  and  are  comparable  to  the  passage  of  ocean  waves  through  or  over  a  reef, 
or  round  high  land,  which  waves  proceed  along  their  course  with  diminished 
energy,  after  passing  such  obstructions. 

**  (2)  That  material  particles,  such  as  dust  and  salt  held  in  suspension  in  a 
moist  atmosphere,  also  reduce  the  signalling  distance,  probably  dissipating  and 
absorbing  the  waves. 

"  (8)  That  electrical  disturbance  in  the  atmosphere  also  acts  most  adversely 
to  the  regular  transmission  of  these  waves,  in  addition  to  affecting  the  receiving 
instruments  by  lightning  discharges. 

"  (4)  That  a  system  of  transmission  in  which  the  oscillations  are  rapidly 
damped  is  irregular  in  its  action  on  distant  receivers,  owing  to  the  irregularity  of 
the  train  of  waves  giving  rise  to  different  types  of  disturbance  at  different  parts  of 
their  path,  which  may  not  have  at  certain  points  the  necessary  cumulative  effect 
on  the  receiving  circuit. 

*'  (5)  That  the  earth's  function  in  the  transmission  of  waves  is  most  important ; 
but  that  its  importance  is  secondarv  to  that  of  the  aerial  wire,  or  capacity  insu- 
lated in  the  air  above  the  surface  of  the  surrounding  sea  or  earth." 

Observations  have  been  made  by  Major  George  O.  Squier,  of  the 
United  States  Signal  Corps,  on  the  absorption  of  the  electromagnetic 
waves  by  trees  and  other  vegetable  organisms."  These  originated  in 
the  discovery  that  a  very  good  earth  can  be  obtained  for  a  military 
telephone  line  by  merely  driving  an  iron  nail  into  the  roots  of  a  large 
tree.  It  was  found  that  the  conductivity  of  a  growing  tree  in  a 
healthy  state  for  telephone  currents  is  such  that  the  nail  need  not  be 
driven  in  quite  at  the  root  of  a  tree,  but  may  be  put  into  the  trunk 
30  feet  or  more  above  the  ground  with  equally  good  results.  This 
showed  that  the  electrical  connection  between  a  tree  and  the  earth 
is  very  good,  and  that  the  mass  of  growing  widely  spread  roots  of 
a  large  tree  constitute  a  "  good  earth."  This  led  to  an  attempt  to 
make  use  of  tall  trees  as  wireless  telegraph  antennsB,  by  connecting 
some  point  near  the  base  of  the  tree,  by  means  of  wire,  with  some 
point  higher  up  on  the  tree  trunk,  the  point  near  the  base  of  the  tree 
being  either  close  to  the  trunk  or  a  little  way  removed  from  it.  It 
was  shown  by  careful  experiments  that  the  tree  trunk  really  did 
play  the  part  of  an  antenna,  and  that  the  effect  was  not  merely  due 
to  the  elevated  wire.  Experiments  were  then  made  to  ascertain  if 
there  was  any  screening  effect  from  neighbouring  trees  in  the  line 
with  the  receiving  station.  The  wave  length  used  in  most  of  the 
tests  was  about  300  feet  in  length.  No  numerical  results  were  given, 
but  it  is  asserted  that  marked  absorbtive  effects  due  to  trees  in  the 
mass  was  noticed. 

The  Author  has  made  many  experiments  on  the  obstruction  of 

'*  Excerpt  from  Major-General  Arthur  MacArthur*s  Report  to  the  War  Depart- 
ment, U.S.A.,  on  the  MiUtary  Manoeuvres  of  the  Pacific  Division,  1904.  See  also 
British  Patent  Specification,  No.  25,610  of  1904,  of  P.  W.  Howarth,  a  communi- 
cation from  George  Owen  Squier. 
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long  electric  waves  by  the  buildings  of  a  city.  These  experiments 
were  made  between  University  College,  Gower  Street,  London,  and 
his  own  private  house  at  Hampstead,  in  the  north-west  of  London. 
He  has  found  that  a  wave  above  300  feet  long  does  not  pass  at  all 
well  across  a  city;  in  fact,  it  is  very  difficult  to  get  signals  at  any 
distance  exceeding  a  mile  or  so.  On  the  other  hand,  a  wave  having 
a  length  of  about  1000  feet  passes  very  well  through  the  buildings 
of  a  city. 

On  the  occasion  of  a  lecture  given  by  the  Author  at  the  Boyal 
Institution,  in  London,  messages  were  transmitted  by  Marconi  appa- 
ratus, sending  long  waves  from  Chelmsford,  Essex,  the  distance  being 
about  20  miles,  and  very  clear  and  vigorous  signals  were  reoeivecL 
Such  transmission,  however,  would  be  impossible  with  waves  of  a 
shorter  wave  length. 

16.  The  Effect  of  Sunligjit  on  Electric  Waye  Telegraphic 
Communication. — In  close  connection  with  this  part  of  the  subject 
are  Mr.  Marconi's  interesting  observations  on  the  effect  of  sunliglit 
on  the  propagation  of  long  electric  waves  over  great  distances.  In 
one  of  his  voyages  across  the  Atlantic,  when  receiving  signals  irom 
Poldhu  on  board  the  ss.  Fhiladelphiu,  he  noticed  that  the  signals  were 
received  by  night  when  they  could  not  be  detected  by  day."  In  these 
experiments,  Mr.  Marconi  instructed  his  assistants  at  Poldhu  to  send 
signals  at  a  certain  rate  from  12  to  1  a.m.,  from  6  to  7  a.m.,  from 
12  to  1  p.m.,  and  6  to  7  p.m.,  Greenwich  mean  time,  every  day  for 
a  week.  He  states  that  on  board  the  Philadelphia  he  did  not  notice 
any  apparent  difference  between  the  signals  received  in  the  day  and 
those  received  at  night  until  the  vessel  had  reached  a  distance  of 
600  statute  miles  from  Poldhu.  At  distances  of  over  700  miles  the 
signals  transmitted  during  the  day  failed  entirely,  while  those  sent 
at  night  remained  quite  strong  up  to  1551  miles,  and  were  clearly 
decipherable  up  to  a  distance  of  2099  miles  from  Poldhu.  Mr. 
Marconi  also  noted  that  at  distances  of  over  700  miles  the  signals  at 
6  a.m.  in  the  week  between  February  23  and  March  1  were  quite 
clear  and  distinct,  whereas  by  7  a.m.  they  had  become  weak  almost 
to  total  disappearance.  This  fact  led  him  at  first  to  conclude  that 
the  cause  of  the  weakening  was  due  to  the  action  of  the  daylight 
upon  the  transmitting  aerial,  and  that,  as  the  sun  rose  over  PoldJau, 
so  the  wave  energy  radiated,  diminished,  and  he  suggests  as  an 
explanation  the  known  fact  of  the  dissipating  action  of  light  upon 
a  negative  charge. 

Although  the  facts  seem  to  support  this  view,  another  explanation 
may  be  suggested.  It  has  been  shown  mathematically  by  Professor 
J.  J.  Thomson  that  gaseous  ions  or  electrons  are  set  ii>  motion  in 
the  direction  of  propagation  by  a  long  electric  wave  travelling  through 
them,  and  they  therefore  can  absorb  the  energy  of  a  long  electric  wave 
when  passing  through  a  space  through  which  such  electrons  are 
scattered.'^ 

»«  Soe  Proc.  Roy,  Soc,  June  12, 1902,  "  A  Note  on  the  Effect  of  Daylight  upon 
the  Propagation  of  Electromagnetic  Impulses  over  Long  Distances,"  by  G.  Marconi 
.-  -"  See  Phil.  Mag.,  August,  1902,  ser.  6,  vol.  4,  p.  258,  J.  J.  Thomson, "  On 
Some  Consequences  of  the  Emission  of  Negatively  Electrified  Corpuscles  by  Hot 
Bodies." 
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It  is  well  known  that  ultraviolet  light  has  the  power  to  ionize 
gaseous  molecules  or  to  separate  from  them  electrons.  Hence,  since 
the  sun's  ultraviolet  light  is  largely  absorbed  in  the  upper  atmosphere, 
it  may  well  be  that  the  portion  of  the  earth's  atmosphere  which  is 
facing  the  sun  will  have  present  in  it  more  electrons  or  gaseous  ions 
than  that  portion  which  is  turned  towards  the  dark  space,  and  it  may 
therefore  be  less  transparent  to  long  Hertzian  waves.'^  In  other 
words,  clear,  sunlit  air,  though  extremely  transparent  to  light  waves, 
may  act  as  if  it  were  a  slightly  turbid  medium  for  long  Hertzian 
waves.  The  dividing  line  between  that  portion  of  the  earth's  atmo- 
sphere which  is  impregnated  with  gaseous  ions  or  electrons  is  not 
sharply  delimited  from  the  part  not  so  illuminated,  and  there  may  be, 
therefore,  a  considerable  penetration  of  these  ions  into  the  regions 
which  may  be  called  the  twihght  areas.  Accordingly,  as  the  earth 
rotates,  a  district  in  which  Hertzian  waves  are  being  propagated  is 
brought  towards  the  time  of  sunrise,  into  a  position  in  which  the 
atmosphere  begins  to  be  ionized,  although  far  from  us  freely  as  in 
the  case  during  the  hours  of  bright  sunshine. 

Mr.  Marconi  states  that  he  has  found  a  similar  effect  between 
inland  stations,  signals  having  been  received  by  him  during  the  night, 
between  Poldhu  and  Poole,  with  an  aerial  the  height  of  which  was 
not  suflScient  to  receive  them  by  day.  It  has  been  found,  however, 
that  the  effect  simply  amounts  to  this,  that  rather  more  power  is 
required  by  day  than  by  night  to  send  signals  of  Hertzian  waves 
over  long  distances. 

Neither  the  effect  of  earth  curvature  nor  those  due  to  atmospheric 
ionization  by  sunlight  are  detectable  over  short  distances,  such  as 
100  miles  or  less.  It  is  only  when  the  telegraphic  distance  amounts 
to  some  hundreds  of  miles  that  they  begin  to  make  themselves 
evident.  Becent  advances  have,  however,  tended  to  minimize  their 
importance.  They  are  greatly  influenced  by  the  length  and  nature 
of  the  wave  radiated,  and  are  perfectly  capable  of  being  brought  under 
control. 

Professor  J.  J.  Thomson  has  shown  {loc.  cit.)  that  if  electric  waves 
of  length  A,  and  having  a  maximum  magnetic  force,  H,  are  travelling 
in  a  medium  containing  free  electrons,  each  electron  having  a  negative 
charge,  e,  and  mass,  m,  then  the  electron  is  moved  forward  in  the 
direction  of  propagation.  The  maximum  velocity  w  imparted  to  each 
electron  in  the  direction  in  which  the  wave  is  moving  is  given  by  the 
expression — 

V^  _  ( V  -  wf  =  ^'^''; 

where  V  =  3  x  10*".  If  e  is  reckoned  in  electromagnetic  units,  the 
ratio  of  charge  to  mass  for  an  electron  =  —  =  10^,  and  ir*  =  10  nearly. 
Hence,  if  w  is  small  compared  with  V,  we  have — 

*•  The  opinion  that  ionization  of  the  air  by  sunlight  is  a  cause  of  obstruction 
to  Hertzian  waves  propagated  over  long  distances  has  also  been  expressed  by 
Mr.  J.  E.  Taylor.  See  Proc.  Roy,  Soc.,  1908,  vol.  71,  p.  226,  "  Characteristics  of 
Earth-ourrent  Bisturbanoes  and  their  Origin.*' 
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2   47r2  •  3  X  10^«        24 

The  magnetic  force  H  of  any  wave  is  always  a  numerically  small 
quantity  in  the  electromagnetic  system  of  units,  and  hence  the  velocity 
ir  is  small  unless  X  is  very  large. 

Accordingly,  the  presence  of  numerous  free  electrons  in  a  space 
through  which  long  electric  waves  are  passing  will  rob  these  waves 
of  energy.  The  energy  imparted  to  the  electron  to  give  it  a  maximujxi 
velocity,  u\  i^miL^,  and  from  the  above  expression  this  is  seen  to  be 

equal  to  ^ 

If  there  are  N  electrons  per  cubic  centimetre,  then,  since  the  wave 
energy  per  unit  volume  for  a  medium  of  unit  permeability  is  JH*,  -wre 
see  that  the  energy  taken  from  the  wave  per  cubic  centimetre  of 
space  is — 

NXVH»  BP  ^  1  h;^ 
647r*//rW    2        a  *  2 

The  value  of  the  fraction  -  decreases,  therefore,  with  increase  of 

distance  from  the  sending  antenna,  since  the  magnetic  force  of  the 
wave  at  considerable  distances  from  the  radiator  varies  nearly  inversely 
as  the  distance.  Accordingly,  the  chief  part  of  the  weakening  of  the 
wave  by  sunlight  is  done  in  the  neighbourhood  of  the  sending  antenna, 
where  the  magnetic  force  H  is  greatest,  and  it  is  more  sensible  for 
long  and  powerful  waves  than  for  short  and  feeble  ones.  This  agrees 
with  the  observations  of  Mr.  Marconi. 

We  cannot,  however,  predetermine  the  rate  of  decay  of  intensity 
until  we  know  more  about  the  number  of  free  electrons  per  cubic  centi- 
metre in  sunlit  atmosphere,  and  also  the  absolute  value  of  H  at  different 
distances  from  known  forms  of  sending  antenna  when  in  operation. 

17.  Arraiigements  of  Condensers  and  Forms  of  BignaUing 
Keys. — We  have  already  discussed  the  construction  of  high  tension 
condensers  for  use  in  primary  circuits  (see  Chap.  I.  §  11)..  It 
remains  to  notice  the  manner  in  which  these  condensers  should  be 
connected  to  one  another,  and  to  the  inductance  and  to  the  spark 
gap,  in  order  to  secure  the  best  results.  It  is  convenient  to  construct 
the  primary  condenser  of  a  number  of  separate  condensers,  such  as 
Leyden  jars  or  glass-plate  or  micanite  condensers,  the  elements  being 
arranged  either  in  series  or  in  parallel,  to  give  the  capacity  and  dielectric 
strength  required.  If  a  number  of  condensers  are  to  be  arranged  in 
parallel  in  series  with  the  primary  coil  of  the  oscillation  transformer 
and  with  a  spark  gap,  then  it  is  desirable  that  the  length  of  the 
oscillatory  path  through  its  separate  condenser  should  be  the  same. 
For  this  purpose  condensers  should  be  arranged  as  shown  in  Fig.  28  (a), 
and  not  as  shown  in  Fig.  28  Qi),  In  the  first  case  the  length  of  the 
oscillatory  circuit  for  each  condenser  is  the  same,  in  the  second  case 
it  is  different. 

Where  very  high  potentials  are  used,  it  is  necessary  to  arrange 
condensers  in  series,  or  they  may  be  partly  arranged  in  series  and 
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partly  in  parallel,  but  the  same  conditions  as  to  length  of  oscillatory 
path  should  be  fulfilled.  The  connections  between  the  condensers  are 
best  made  by  broad  copper  or  zinc  strips,  and  not  by  round  wires.  It 
is  necessary  to  have  sufficient  surface  for  the  discharge  path  and  to 
avoid  as  much  as  possible  inducing  a  resistance  into  the  primary 
circuit,  so  as  to  keep  the  decrement  of  the  primary  circuit  as  low  as 
possible.  In  some  cases  it  is  necessary  to  charge  condensers  in  series 
and  discharge  them  in  parallel,  and  this  may  be  done  in  one  of  several 


Fig.  28a. 


Fio.  286. 
Two  Modes  of  Arranging  Condensers  in  Parallel  in  a  Discharge  Circuit. 

ways  shown  in  the  appended  diagrams  (see  Fig.  29).^  In  the  appended 
diagrams,  Gi,  G^  are  the  condensers,  L,  is  the  inductance  coil,  and 
S„  Sg  are  two  spark  gaps ;  I  is  an  induction  coil.  It  will  be  seen  that 
the  condensers  are  charged  in  series  and  discharged  in  parallel. 

The  best  arrangement  of  condensers  in  the  oscillation  circuit  of  a 
wireless  telegraph  transmitter  is  determined  by  the  following  con- 
siderations. Let  us  assume  that  the  antenna  is  inductively  connected 
to  the  condenser  or  oscillation  circuit.  Then,  in  order  that  we  may 
have  syntony,  we  must  make  the  oscillation  constants  of  the  two 
circuits  the  same.  Let  C^  be  the  capacity  of  the  antenna  circuit  and 
Lj  its  inductance,  so  that  ^/C^  is  its  oscillation  constant.  Let  C,  be 
the  capacity  of  the  condenser  in  the  primary  or  nearly  closed  circuit 
and  Li  its  inductance.  Also  let  E,  be  the  high  frequency  resistance 
of  this  circuit,  including  that  of  the  spark  gap.     Then  the  oscillation 

constant  is  VCiLj  and  the  damping  factor  is  ^l^-     I^  ^^^  generally 
'*  See  German  patent  granted  to  Fritz  Lesemann,  Class  21a,  No.  L.  18,521. 
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Fio.  29. — Lesemann's  Method  of  Charging  Condensers  in  Series  and  Diachaiging 
them  in  Parallel  from  an  Induction  Coil.  I,  induction  coll;  C„  C„  con- 
densers ;  S„  S„  spark  gaps ;  L,  inductance  coil ;  p,  s,  oscillation  transformer ; 
A,  antennte. 
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been  the  custom  to  make  Ci  from  ten  to  twenty  times  Ca,  and  hence 
Li2  must  be  from  ten  to  twenty  times  Li  in  magnitude. 

Accordingly  C,  is  a  large  capacity  and  L,  is  a  small  inductance. 
The  resistance  Ri  of  the  condenser  circuit  is  largely  made  up  of  spark 
resistance.  Hence  for  a  given  ^park  length  the  smaller  we  make  L, 
the  larger  will  become  the  damping  and  the  greater  the  decrement  of 
the  oscillations. 


a 


] 


(a) 


(6) 


dzVkSz 
dsff/j 


(c) 

Fig.  30.— Methods  of  Employing  a  Subdivided  Condenser,  Z,,/,,/,,  and  Multiple 
Spark  Gap,  di^  (i,,  d^,  in  Connection  either  with  a  Directly  Coupled  Antenna 
as  in  (a),  or  an  Inductively  Coupled  Antenna,  as  in  (6),  or  a  Simple  Antenna, 
as  in  (c),  to  obtain  a  Smaller  Hesistance  Decrement,  and  therefore  more 
Persistent  Oscillations  in  the  Condenser  Circuit. 

It  is  very  advantageous,  therefore,  to  keep  the  capacity  C,  as  small 
as  possible,  so  as  to  use  as  much  inductance  as  possible  in  the  condenser 
circuit.  We  can  then  only  obtain  the  required  energy  storage  by 
charging  the  condenser  to  a  high  voltage.  This  must,  however,  be 
achieved  without  increasing  the  length  of  spark  gap,  and  can  be 
accomplished  by  constnicting  the  primary  condenser  of  separate 
condensers  which  are  charged  in  series,  and  each  discharged  across 
its  own  short  spark  gap,  the  several  spark  gaps  being  connected  in 
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series.  The  arrangements  for  effecting  this  are  shown  in  Fig.  30, 
and  are  taken  from  a  British  patent  specification  granted  to  the 
Wireless  Telegraph  Company  of  Berlin.*^ 

These  diagrams  show  the  mode  of  connecting  the  condensers  and 
spark  gaps  in  the  case  of  inductively  and  directly  coupled  antennaB. 
The  advantage  to  he  gained  by  the  use  of  relatively  small  capacity  in 
the  primary  oscillation  circuit  is  shown  by  the  foUowing  example. 
Let  us  suppose  that  the  primary  capacity  Ci  =  0-1  mfd.,  and  that  the 
primary  inductance  L,  =  10^,  and  that  the  spark  length  used  is  1  cm., 
corresponding  to  30,000  volts.     Then  the  frequency  n  is   5  x  10*, 
and  if  the  spark   be  assumed  to  have  a  resistance  of  1  ohm    the 
resistance  decrement  8  is  0*05. 

If  then  we  divide  the  condenser,  say,  into  five  parts,  and  arrange 
these  in  series,  each  with  a  spark  gap  of  1  cm.  in  length  and  a  separate 
discharge  path   for  each  condenser,  having   an  inductance,  say,   of 
1250  cms.,  the  frequency  of  the  oscillations  will  rise  to  10*,  and  yet 
the  whole  stored  energy  will  be  the  same.     If  the  main  discbarge 
circuit  has  still  an  inductance  of  10^  cms.,  we  shall  then,  by  the  mere 
fact  of  raising  the  frequency,  find  we  have  lowered  the  decrement  to 
001 25, or  to  one  quarter  of  its  original  value.     Hence,  without  affect- 
ing the  quantity  of  the  stored  energy,  we  have  yet  made  the  number 
of  oscillations  per  train  much  greater. 

The  arrangement  of  the  capacity  of  the  primary  condenser  is  not, 
therefore,  a  matter  of  indifference,  and  with  a  certain  capacity  at 
disposal  we  can  make  use  of  it  by  certain  arrangements  more  ad- 
vantageously than  by  others. 

Another  element  of  practical  importance  in  the  transmitting 
apparatus  is  the  signalling  key.  In  order  to  create  the  signals  it  is 
necessary  to  be  able  to  close  the  primary  circuit  either  of  the  induction 
coil  or  alternating  current  transformer  used  to  charge  the  primary 
condenser  for  longer  or  shorter  time,  in  accordance  with  the  signals  of 
the  Morse  alphabet.  This  is  done  by  means  of  a  primary  key.  When 
using  an  ordinary  10-inch  induction  coil,  the  primary  current  which 
has  to  be  interrupted  is  a  current  of  about  10  amperes.  This  can 
be  easily  done  by  means  of  a  Morse  key,  having  heavy  platinum  con- 
tacts and  a  long  insulating  handle.  In  order  to  quench  the  spark  at 
the  platintmi  contacts  a  large  condenser  may  be  placed  across  the 
break  points,  or  else  a  magnet  may  be  employed  as  a  magnet  blow-out 
to  destroy  the  arc  which  tends  to  form  on  separating  the  points. 

Mr.  Marconi  has  devised  a  key  for  induction  coil  working  which 
renders  it  impossible  to  commence  working  the  spark  coil  until  the 
aerial  is  disconnected  from  the  receiving  apparatus.  This  key  is 
shown  in  Fig.  31,  where  the  black  portions  represent  ebonite.  When 
the  key  is  not  in  use  it  rests  on  its  back  contacts,  and  the  antenna  is 
connected  to  the  receiving  instrument,  ready,  therefore,  for  reception. 
But  as  soon  as  the  operator  commences  to  send  signals  it  automatically 
disconnects  the  antenna  from  the  receiving  instrument. 

When  alternating  currents  are  employed  to  excite  either  an  induc- 
tion coil  or  an  alternating  current  ti-ansformer,  keys  are  now  emploj-ed 
which  are  practically  sparkless,  because  the  contact  cannot  be  broken 
until  the  instant  when  the  current  in  the  primary  circuit  passes  through 
»«  No.  20,804  of  1904. 
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its  zero  value.  This  is  achieved  by  making  the  primary  current  pass 
through  an  electromagnet,  which  shdes  down  the  contact  piece  when 
once  it  is  pushed  down  by  the  key,  and  the  raised  circuit  is  not  broken 
again,  even  if  the  key  is  resting,  until  the  primary  current  passes 
through  its  zero  value. 

In  the  met&od  of  signalling  devised  by  the  Author,  a  pair  of  choking 
coils  are  interposed  between  the  alternator  supplying  the  alternating 
current  supplying  the  transformer  or  battery  of  transformers.  The 
signals  are  made  by  short-circuiting  one  or  both  of  these  choking  coils. 
A  convenient  way  of  doing  this  is  to  divide  the  choking  coils  into 
a  number  of  sections.  These  sections  are  connected  to  metal  pins 
carried  on  a  long  rocking  arm  (see  Fig.  47,  Chap.  VIII.),  each  pin 
being  shorter  than  its  neighbour,  the  whole  group  being  arranged  hke 
a  series  of  pan-pipes.  If  this  group  of  pins  is  plunged  into  mercury,  it 
short-circuits  the  sections  of  the  choking  coil  one  after  the  other,  and 
not  simultaneously.     The  rocking  arm  can  be  worked  by  the  arrange- 


FiG.  81. — Marconi  Signalling  Key  arranged  to  Automatically  Disconnect  the 
Antenna  from  the  Receiver  before  Signalling.  A,  connection  to  antenna; 
R,  connection  to  receiver  circuit;  P,  Q,  connections  to  primary  circuit  of 
induction  coil.    The  black  portions  are  ebonite. 

ment  already  described  in  Chapter  VIII.  (see  §  7).  The  arm  is  pivoted 
at  one  point,  so  that  one  arm,  viz.  that  to  which  the  pins  are  attached,  is 
much  longer  than  the  other.  To  the  end  of  the  short  section  is  attached 
a  strap  or  tape,  which  lies  loosely  on  the  pulley  of  an  electric  motor, 
which  is  rapidly  rotating.  Over  this  strap  rests  a  jockey  pulley,  carried 
on  another  lever,  which  can  be  depressed  by  the  attraction  of  an  electro- 
magnet. As  long  as  the  jockey  pulley  does  not  press  hard  upon  the 
tape  it  does  not  grip  the  motor  pulley,  but  very  little  pressure  upon 
the  jockey  pulley  cast  for  energizing  the  electromagnet  will  cause  the 
strap  to  bite  upon  the  motor  pulley,  and  it  is  then  rapidly  wound  up, 
causing  the  lever  carrying  the  pins  to  be  depressed.  The  magnet  can 
be  energized  by  means  of  the  current,  which  is  given  the  required 
intermittency  by  means  of  a  strip  of  punched  paper  tape  on  which  the 
signals  to  be  transmitted  have  been  punctured.  This  punched  tape  is 
made  to  travel  by  clockwork  over  a  wheel,  and  a  Uttle  contact  point 
drops  through  the  holes  in  the  tape  and  closes  the  electro-circuit  of  the 
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electromagnet  for  a  longer  or  shorter  time,  according  as  the  hole  in  the 
pimched  tape  is  a  dot  or  a  dash.  By  this  arrangement  the  signals 
impressed  upon  the  tape  are  repeated  by  the  main  key,  and  a  lai^e 
alternating  current  can  be  started  or  stopped  in  the  primary  circuit  of 
a  bank  of  transformers. 

To  keep  the  mercury  in  the  vessel  into  which  the  pins  dip  from 
volatilizing,  it  is  necessary  to  flow  a  current  of  cold  water  over  it,  but 
if  this  is  done  the  arrangements  act  very  perfectly,  and  are  capable  of 
sending  with  far  greater  ease  and  certainty  than  by  any  hand  key. 

Another  method  of  signalling  with  syntonic  apparatus  is  to  throw 
the  secondary  or  antenna  circuit  into  and  out  of  tune  by  the  insertion 
of  inductance,  or  to  short-circuit  the  condenser  in  the  spark  circuit  by 
an  impedance  coil.  This  last  method  is  to  be  preferred,  as  it  intermits 
the  spark.  There  is  but  Uttle  doubt  that  automatic  sending  by  punched 
tape  will  for  power  station  purposes  supersede  hand  sending  entirely. 

18.  Directed  Eleotrio  Waye  Telegraphy.— A  problem  of  great 
practical  importance  which  has  occupied  the  attention  of  inventors 
is  that  of  giving  direction  to  the  dectric  waves  sent  out  from  a 
transmitting  station.  We  have  seen  that  a  simple  linear  oscillator, 
placed  vertically  to  the  surface  of  the  earth,  sends  out  its  electric 
radiation,  by  reason  of  its  symmetry,  equally  in  all  directions.  This, 
however,  is  a  disadvantage  in  telegraphy.  If  we  desire  to  communicate 
with  a  single  receiving  station,  what  we  really  require  is  a  beam  of 
electric  radiation  directed  in  one  direction,  and  all  radiation  in  any 
other  direction  is  not  merely  useless,  but  wasted.  The  earliest 
attempts  to  give  direction  to  an  electric  beam  involved  the  use  of 
parabolic  mirrors.  Hertz  showed  that  electric  waves  could  be  re- 
flected according  to  the  same  laws  as  rays  of  hght,  and  in  some  of 
his  earliest  experiments  he  employed  a  pair  of  cylindrical  parabolic 
mirrors  for  this  purpose.  In  the  focal  line  of  one  mirror  a  linear 
oscillator  was  placed,  and  in  the  focal  line  of  the  other  a  linear 
resonator.  When  the  mirrors  were  placed  in  apposition,  a  beam  of 
electric  radiation  was  transmitted  from  one  to  the  other,  the  beam 
being  mostly  confined  to  the  space  between  the  mirrors.  In  order 
that  this  experiment  may  succeed,  it  is  necessary,  however,  to  use 
radiation  of  a  wave  length  which  is  small,  or  at  least  not  large,  com- 
pared with  the  dimensions  of  the  mirror.  Thus  Hertz  used  cylindrical 
parabolic  mirrors  12*5  cms.  in  focal  length,  which  were  about  2  metres 
high  and  1  metre  wide,  and  employed  electric  waves  having  a  wave 
length  of  about  66  cms.,  or  about  2  feet  in  length.'' 

In  some  of  his  earliest  experiments  on  electric  wave  telegraphy, 
Marconi  adopted  the  same  plan,  and  used  copper  parabolic  mirrois, 
by  the  aid  of  which  he  projected  a  beam  of  electric  radiation  in  a 
certain  direction  for  about  2  miles.*^ 

In  place  of  cylindrical  parabohc  mirrors,  other  inventors  have 
proposed  to  employ  vertical  wires  or  rods  arranged  along  a  parabolic 
base  line  drawn  on  the  ground,  the  radiator  being  placed  in  the  focal 
line  (see  U.S.A.  patent  specification  of  Lee  de  Forest,  No.  748,597 
of  1902). 

»'  See  Hertz,  "  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  176. 
"  See  G.  Marconi,  "On  Wireless  Telegraphy,"  Journal  Inst.  Elec.  Eng.,  1899, 
vol.  28,  p.  282. 
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The  devices  are,  however,  unavailable  when  very  long  electric 
waves  are  employed.  It  is  perfectly  impracticable  to  construct 
mirrors  of  dimensions  comparable  in  size  with  the  length  of  electric 
waves  of  500  or  lOOO  feet  in  wave  length,  and  to  employ  smaller 
mirrors  would  be  like  attempting  to  conduct  optical  experiments  with 
mirrors  having  dimensions  of  less  than  one  hundred  thousandth  part 
of  an  inch. 

Marconi  has,  however,  given  much  attention  of  late  years  to 
the  problem  of  direction  telegraphy,  and  has  •invented  forms  of 
antennae  which,  when  used  as  radiators,  have  the  property  of  pro- 
jecting electric  waves  more  in  one  direction  than  in  others,  and  when 
used  as  receiving  antennae  are  most  affected  by  electric  waves  which 
are  proceeding  in  certain  directions  with  respect  to  the  direction  of 
the  receptive  antenna  itself.  As  a  consequence  of  this,  he  has  been 
able  to  combine  together  transmitting  and  receiving  antenna  of  par- 
ticular forms  which  are  only  effectively  operative  when  they  occupy 
certain  relative  positions  with  regard  to  each  other.  One  such  directive 
antenna  he  constructs  as  follows :—  •* 

He  places  a  long  horizontal  insulated  wire  or  wires  parallel  to  the 

A'  A^ 


i 


Fio.  82.— Marconi's  Directive  Antennie  for  Electric  Wave  Direction  Telegraphy. 
A^  transmitting  antenna;  S,  spark  balls;  A*,  receiving  antenna;  R,  cymo- 
scope ;  E,  earth  plates. 

earth's  surface,  and  at  a  distance  from  it  small  compared  with  the 
length  of  the  wire.  One  end  of  this  wire  is  insulated,  and  the  other 
end  is  connected  to  an  earth  plate  either  through  a  pair  of  spark  balls, 
if  it  is  a  transmitting  antenna,  or  through  a  cymoscope  or  oscillation 
detector  of  some  form,  if  it  is  a  receiving  antenna.  These  antenna, 
at  the  two  stations  (transmitting  and  receiving),  are  arranged  back 
to  back — that  is,  with  their  free  or  insulated  ends  pointing  away  from 
each  other,  but  with  the  horizontal  wires  in  the  same  vertical  plane 
(see  Fig.  32).  In  the  diagram  A^  is  the  horizontal  transmitting 
antenna  and  A''  is  the  receiving  antenna.  The  spark  balls  S  are 
placed  in  the  short  vertical  branch  of  the  antenna  A*,  and  a  receiving 
instrument,  such  as  a  magnetic  detector,  R,  in  the  same  member  of 
the  receiving  antenna.  The  two  earth  plates  are  denoted  by  E. 
Marconi  has  then  shown  that  the  receiving  instrument  B  is  most 
strongly  affected  when  the  antennae  are  placed  as  shown  in  Fig.  32, 
and  with  horizontal  parts  in  one  vertical  plane.  If,  however,  the 
receiving  or  transmitting  antenna  is  turned  round  into  any  other 
position,  the  indications  in  the  receiving  instrument  rapidly  fall  off 
in  intensity ;  a  variation  of  even  10°  or  W  from  alignment  generally 
sufficing  to  render  the  signals  insensible.     It  is  clear,  therefore,  that 

»•  Sec  British  Patent  Specification  of  G.  Marconi,  No.  14,788  of  July  18,  1905. 

2  s 


626         THE   PRINCIPLES  OF   ELECTRIC   WAVE   TELEGRAPHY 

such  an  antenna  used  as  a  transmitter  must  radiate  electric  inrare^ 
much  more  energetically  in  one  direction  than  in  others ;  in  other 
words,  it  is  a  non-symmetrical  radiator.  To  understand  the  operation 
of  such  antennae,  we  must  revert  for  a  moment  to  the  consideration 
of  the  process  which  constitutes  electric  radiation.  It  has  been  shown 
in  Chapter  Y.  that  an  oscillator  radiates  when  it  throws  off  into  space 
closed  loops  of  electric  strain,  or  else  semi-loops  of  electric  strain  with 
their  ends  moving  along  the  earth's  surface  and  their  planes  verticai 
to  it.  As  each  loop  is  formed  it  is  pushed  outwards  by  the  succes- 
sively formed  loops,  and  travels  away  through  space  in  the  direction 
of  its  own  plane. 

Hence  it  follows  that  a  straight  linear  oscillator,  whether  earthed 
or  not,  placed  vertically  to  the  earth's  surface,  must  send  out  loops  of 
electric  strain  which  move  out  equally  and  nidially  in  all  directions, 
the  loops  lying  in  vertical  planes  which  pass  through  the  oscillator. 
Accordingly,  when  used  as  a  telegraphic  transmitter,  such  a  Tertical 
oscillator  or  symmetrical  antenna  makes  itself  felt  equally  in  all 
directions  by  appropriate  receivers  placed  within  its  sphere  of  in- 
fluence.    The  practical  problem  is  to  destroy  this  symmetry,  which. 


Fig.  83.— Unsymmetrioal  Hertzian  Osoillator. 

however  attractive  from  a  mathematical  point  of  view,  is  for  the  most 
part  very  disadvantageous  in  practical  wireless  telegraphy. 

It  can  be  shown,  however,  that  this  symmetrical  action  is  de- 
stroyed by  bending  the  antenna,  and  that  the  antenna  then  radiates 
more  towards  the  outer  or  convex  side  than  towards  the  inner  or 
concave  side. 

We  can  best  see  the  reasons  for  this  by  considering  an  extreme 
case.  Let  us  suppose  that,  in  place  of  a  sjTnmetrical  Hertzian  linear 
oscillator,  we  employ  one  consisting  of  two  rods  with  terminal  spark 
balls  placed  at  an  angle  to  each  other  (see  Fig.  33).  Consider  then 
the  form  of  the  electric  strain  lines  round  such  an  oscillator  when 
one  half  is  charged  positively  and  the  other  negatively,  and  on  the 
point  of  discharging  with  oscillations  across  the  spark  gap.  In  the 
plane  of  the  rods  these  lines  are  approximately  as  shown  in  Kg.  34. 
In  the  space  between  the  rods  they  are  nearly  straight,  but  on  the 
external  side  extend  in  curves  from  rod  to  rod.  These  strain  lines 
may  be  considered  to  terminate  on  electrons  or  point  charges  of 
electricity  on  the  rods.  When  the  spark  happens,  these  point 
charges,  and  therefore  the  terminations  of  the  lines  of  electric  strain, 
all  rush  towards  the  spark  gap.     If  we  fix  attention  upon  the  nearly 
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parallel  strain  lines  between  the  rods,  we  shall  see  that  this  discharge 
must  be  accompanied  by  a  movement  of  these  approximately  straight 
strain  lines  parallel  to  themselves  towards  the  spark  gap»  and  that 
they  are  then,  so  to  speak,  swallowed  up  in  it,  but  the  circumstances 
of  their  motion  are  not  very  favourable  to  the  formation  and  detach- 
ment of  closed  loops  of  electric  strain  to  be  pushed  outwards  towards 
the  open  or  free  ends  of  the  rods. 

On  the  other  hand,  if  we  consider  the  widely  extended  curved  lines 
of  electric  strain  which  extend  through  space  on  the  outer  or  convex 
side  of  the  rods  and  in  the  same  plane  with  them,  we  shall  see  that 
the  rushing  together  of  the  ends  of  these  strain  lines  is  just  what  is 
required  to  form  and  detach  closed  loops  of  electric  strain  lying  in  the 
same  plane  with  the  rods.  Moreover,  the  repetition  of  the  process 
reforms  successive  loops  and  drives  those  outwards  which  are  already 


Fio.  84. — Diagrammatic  Representation  of  the  disposition,  in  the  plane  of  the 
oscillator,  of  the  Lines  of  Electric  Force  round  an  Inclined  Bod  Oscillator 
before  Dischai^ge. 

formed.     Various  stages  of  this  process  of  loop  formation  are  indicated 
diagrammatically  in  Fig.  35. 

The  formation  of  a  loop  of  electric  strain  can  only  take  place  if  the 
lines  of  electric  strain  terminating  on  two  oppositely  charged  locahties 
in  an  oscillator  form  an  extended  curve,  such  that  when  the  ends  rush 
together  to  the  central  point  or  spark  gap  the  result  is  to  form  a  closed 
loop  of  electric  strain,  which  is  then  detached  from  the  oscillator.  Such 
a  loop  is  not  easily  formed  if  the  lines  of  electric  strain  between  the 
two  corresponding  points  are  straight  lines  and  move  parallel  to  them- 
selves during  the  process  of  discharge.  The  loop  formation  is  essen- 
tially dependent  on  the  fact  that  each  part  of  the  line  of  electric  strain 
possesses  a  quality  equivalent  to  inertia,  and  that  a  time  element  there- 
fore is  involved  in  making  any  change  in  its  form  or  direction.  Hence 
since  electric  radiation  consists  in  the  detachment  from  an  oscillator 
of  these  loops  (or  semi-loops)  of  electric  strain,  and  since  the  loop 
formation  is  not  efifected  with  equal  facility  on  all  sides  of  a  bent 
linear  oscillator,  it  follows  that  any  form  which  restricts  the  loop 
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formation  in  one  direction  will  bestow  upon  the  oscillator  a  directive 
quality  as  regards  radiation. 


(I) 


y  (2) 


r(3) 


^  A 


y(4) 


Fia.  35. — Various  Stages  in  the  Detachment  of  a  Closed  Loop  of  Electric  Force 
from  the  External  Side  of  an  Inclined  Rod  Oscillator  in  the  Plane  of  the  Rods. 

Another  way  of  regarding  the  matter  arises  when  we  consider  the 
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lateral  pressure  which  lines  of  electric  force  exert  on  each  other  in 
accordance  with  Maxwell's  views.  If  we  think  of  the  lines  of  electric 
force  stretching  from  rod  to  rod  as  elastic  threads  which  press  laterally 
on  each  other,  then  when  the  discharge  takes  place  the  spark  pro- 
duction destroys  the  insulation  of  the  air,  and  therefore  the  dielectric 
strain  in  between  the  balls.  The  hnes  of  force  between  the  balls  are 
absorbed,  and  their  potential  energy  becomes  converted  into  heat  and 
light  in  the  spark.  The  pressure  on  one  side  of  the  remaining  outer 
lines  being  then  removed,  the  ends  of  these  last  are  gradually  forced 
together  by  the  lateral  pressure  of  lines  lying  beyond,  and  the  result 
is  that  the  ends  of  some  of  the  lines  of  force  which  originally  extended 
from  rod  to  rod  are  brought  in  contact,  and  this  Une  of  force  is  then 
detached  as  a  closed  loop.  As  the  oscillations  continue,  fresh  loops 
are  produced,  and  those  already  formed  are  pushed  outwards  into 
space.  If,  however,  the  electrostatic  field  is  of  such  a  form,  as  in  the 
space  in  the  plane  of  the  rods  and  in  the  interior  angle,  that  the  removal 
of  lines  of  force  near  the  spark  gap  only  causes  those  beyond  to  be 
forced  in  parallel  to  themselves,  then  the  conditions  are  not  such  as  to 
promote  the  detachment  and  expulsion  of  closed  loops,  and  accordingly 
there  is  less  radiation  in  the  direction  away  from  the  free  ends  than 
from  the  spark-ball  ends. 

The  radiation  which  takes  place  depends,  therefore,  upon  the  nature 
of  the  electrostatic  field  round  the  oscillator  before  discharge.  To 
study  these  fields  in  the  case  of  oscillators  of  various  forms,  the  Author 
has  adopted  the  following  plan.*® 

An  electromagnet  is  made  of  very  thin  sheet  iron,  the  shape  being 
that  of  a  horseshoe,  but  with  rather  wide  limbs.  If  this  is  held  poles 
upwards,  and  the  lines  of  magnetic  force  delineated  with  iron  filings 
in  the  usual  way  on  a  sheet  of  card  held  transversely  to  the  poles,  it 
is  clear  that  we  shall  have  a  magnetic  field  which  is  of  the  same  form 
as  the  electrostatic  field  round  a  Hnear  Hertzian  oscillator,  consisting 
of  two  thin  rods  with  spark  gap  in  the  centre  taken  before  discharge. 
The  limbs  of  this  magnet  may  then  be  so  bent  as  to  present  in  the 
same  manner  the  form  of  the  electrostatic  field  in  the  plane  of  an 
oscillator  consisting  of  two  rods  inclined  at  any  angle  to  each  other. 
In  this  manner  we  can  discover  the  form  of  the  electrostatic  field 
before  discharge  round  non-symmetrical  oscillators  of  the  forms 
represented  in  Fig.  36. 

The  mathematical  problem  of  determining  exactly  the  form  of  the 
lines  of  electric  strain  round  these  oscillators  at  various  epochs  is, 
however,  much  more  difficult  than  the  corresponding  problem  for  the 
simple  dumb-bell  or  double-point  oscillator  which,  as  we  have  seen  in 
Chapter  V.  (see  Plates  II.,  III.,  IV.,  and  V.),  was  solved  by  Hertz, 
and  Pearson,  and  Lee,  and  is  more  difficult  than  the  problem  of  the 
straight  linear  oscillator  dealt  with  by  Abraham  and  Hack  (see  Plate 
VI.  Chap.  v.). 

It  is,  however,  of  great  importance  that  a  general  mathematical 
solution  should  be  obtained  for  certain  typical  forms  of  curcrd  oscillaloi\ 
which  might  include  oscillators  bent  in  the  form  of  a  parabola,  semi- 
circle, semi-ellipse,  or  two  parallel  or  incUned  rods  with  spark  balls  at 

*•  See  J.  A.  Fleming,  "  A  Note  on  Directive  Antennae  and  Non-symmetrical 
Hertzian  Oscillators."    Bead  at  the  Royal  Society,  March  22,  1906. 
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the  similarly  directed  ends  (see  Fig.  36),  since  all  these  fonxis  are 
directive  antenna,  and  when  electric  oscillations  are  set  up  in  them 
they  radiate  much  more  towards  the  convex  side  than  to^rarcLs  the 
concave  side. 


B 


J 


Fig.  36.— Various  Forms  of  Non-symmetrical  Electric  Oscillator.    A,  parabolic 
oscillator ;  B,  inclined  rod  oscillator ;  C,  parallel  rod  oscillator. 

Various  forms'  of  more  or  less  imperfectly  directive  antennae  seem 
to  have  heeri  found  and  described  by  inventors.  Thus  L.  de  Forest 
states^*  that  an  antenna  formed  of  vertical  and  horizontal  insulated 
rods  with  a  spark  gap  placed  at  their  junction  is  directive,  and  radiates 

*»  See  United  States  patent  of  Lee  de  Forest,  No.  749,181,  dated  January  6, 
1904,  being  a  divided  part  of  an  original,  No.  720,568,  filed  March  6,  1901. 
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more  towards  the  side  on  which  the  vertical  branch  of  the  antenna  is 
placed,  and  in  the  plane  of  the  antennsB.  Others  have  claimed  that 
different  forms  of  loop  antennaB  (see  Chap.  IV.  §  8)  have  directive 
value. 

Eeturning  again  to  the  consideration  of  Marconi's  horizontal 
directive  antenna,  it  will  now  be  evident  that  the  reason  for  its  un- 
symmetrical  radiative  power  must  depend  upon  the  imequal  manner 
in  which  it  detaches  semi-loops  of  electric  strain  which  move  outwards 
over  the  earth.  We  have  already  shown  in  Chapter  V.  that  when 
oscillations  are  excited  in  a  vertical  rod  which  has  one  end  in  con- 
nection with  the  earth,  the  result  is  to  detach  and  send  out  equally  in 
all  directions  semi-loops  of  electric  strain  which  move  outwards  radially 
in  all  directions.  Marconi's  earthed  horizontal  antenna,  AS  as  shown 
in  Fig.  32,  is  clearly  one  half  of  a  non-symmetrical  insulated  oscillator, 
as  shown  in  Fig.  36  (c),  and  the  electrostatic  and  kinetic  field  of  the 
oscillator  in  Fig.  36  (c)  must  be  related  to  that  of  the  Marconi  antenna 
in  Fig.  32,  as  the  ordinary  symmetrical  linear  Hertzian  oscillator  fiield 
is  related  to  that  of  a  plain  vertical  Marconi  antenna. 

The  oscillator  shown  in  Fig.  32,  therefore,  must  detach  and  send 
out  semi-loops  of  electric  strain,  which  move  outwards  from  the 
oscillator,  but  are  more  copiously  emitted  in  the  direction  opposite 
to  that  in  which  the  free  ends  point.  Some  radiation  is,  however, 
sent  out  in  aU  directions,  but  when  used  as  a  telegraphic  antenna 
with  corresponding  oriented  receiving  antenna,  Marconi's  arrange- 
ment, as  shown  in  Fig.  32,  performs  within  certain  limits  the 
function  of  directing  a  beam  of  electric  radiation  in  a  required 
direction. 

19.  The  Localization  of  the  Radiant  Point.— Another  practical 
matter  intimately  connected  with  the  problem  of  directive  radiation 
is  that  of  locaUzing  the  position  of  the  radiant  point.  A  lighthouse 
is  useful  to  the  mariner  because  it  not  only  warns  him  of  danger 
generally,  but,  as  a  visible  point  of  light  in  a  certain  direction,  can  give 
much  information  as  to  the  locaUty.  A  blaze  of  light  coming  from 
all  points  of  the  horizon,  like  the  illumination  due  to  distant  Hghtning, 
might  warn,  but  would  be  much  less  useful  In  the  same  manner,  it 
has  become  of  extreme  importance  in  connection  with  electric  wave 
telegraphy  not  merely  to  locate  the  radiant  point,  but  to  limit  the 
receptivity  of  a  station  to  waves  coming  in  certain  directions.  Many 
have  been  the  attempts  to  do  this.  In  Chapter  VIII.  we  have  referred 
to  certain  patent  specifications  in  which  plans  for  so  doing  are 
described. 

Thus  L.  de  Forest  has  described  an  arrangement  consisting  of  a 
metal  plate  or  grid,  longer  in  a  horizontal  than  in  a  vertical  direction, 
which  is  swivelled  roimd  a  vertical  axis  so  as  to  be  capable  of  being 
oriented.  In  the  vertical  part  he  places  an  electrolytic  receiver  of 
some  kind  shunted  by  a  telephone  and  local  cell  (see  Fig.  37).  He 
states  that  when  the  grid  is  placed  broadside  on  to  the  incident  waves 
it  collects'  the  largest  amount  of  energy,  and  the  cymoscope  is  then 
most  vigorously  affected.  Hence  by  rotating  it  round  into  this  position 
the  receiving  operator  can  determine  the  direction  of  the  radiant  point. 
He  states  that  with  a  collecting  screen  15  feet  by  6  feet  in  size,  he 
has   been  able  to  locate  within  10"^  the  direction  of  a  transmitting 
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station  7  miles  away.*^  Another  device  by  the  same  inventor  con- 
sists in  employing  a  horizontal  antenna  swivelled  so  as  to  rotate 
round  a  vertical  portion,  and  in  this  is  placed  an  electrolytic  receiver 
of  some  kind  shunted  by  a  telephone  and  local  cell.  According  to  the 
specification,  the  horizontal  portion  may  be  extended  in  one  or  both 
directions,  or  may  consist  of  a  closed  loop. 

The  inventor  states  that  when  turned  round  so  that  the  direction 
of  the  horizontal  part  coincides  with  the  direction  of  the  incident 
waves,  the  cymoscope  in  the  vertical  part  gives  its  maximum  indication 
and  its  minimum  when  the  horizontal  part  lies  transversely  to  the 
direction  of  motion  of  the  signal  waves.*^ 

Marconi  has  also  invented  forms  of  receptive  antennce  by  means 
of  which  he  can  locate  the  direction  of  an  associated  sending  station 
with  great  accuracy.     Thus,  for  instance,  he  combines  together  a  pair 
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Fig.  87. — De  Forest  Beoeiving  Antenna  for  localizing  the  Direction  of  the  Trans- 
mitting  Antenna.    ABCD,  wire  grid ;  B,  cymoscope ;  E,  earth  plate. 

of  bent  antennae,  one  a  transmitting  antenna  consisting  of  a  horizontal 
wire  or  wares  placed'  a  little  way  above  the  groimd  and  insulated  from 
it.  One  end  is  earthed  through  a  pair  of  spark  balls  or  through  the 
secondary  circuit  of  an  oscillation  transformer,  the  primary  circuit  of 
which  contains  a  condenser  and  spark  gap.  The  receiving  antenna 
consists  of  a  similar  bent  and  earthed  antenna,  having  its  horizontal 
part  much  longer  than  its  vertical  part,  and  these  transmitting  and 
receiving  antenna  are  placed  at  a  distance  with  their  horizontal  partes 
in  the  same  vertical  plane,  and  their  free  or  insulated  ends  pointing 
away  from  each  other. 

Some  form  of  cymoscope,  preferably  his  magnetic  detector,  is 

*^  See  United  States  patent  specification  of  Lee  de  Forest,  No.  771,818,  applied 
for  May  28,  1904. 

"  See  United  States  patent  specification,  No.  771,819,  applied  for  May  28, 
1904. 
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inserted  in  the  short  vertical  member  of  the  receiving  antenna.  He 
then  finds  that  these  antenna  respond  to  each  other  at  great  distances, 
but  that  if  the  orientation  is  changed  so  that  they  no  longer  point 
exactly  away  from  each  other,  the  transmitter  ceases  to  affect  the 
receiver.  He  also  employs  the  bent  receiving  antenna  to  localize  the 
position  of  any  ordinary  vertical  transmitting  antenna.** 

In  another  form  of  receiving  antenna  he  arranges  a  set  of  horizontal 
antennsB  as  above  described  in  radial  fashion  roimd  a  common  centre, 
and  by  means  of  a  switch  can  insert  at  pleasm-e  one  single  magnetic 
detector  in  the  short  vertical  portion  of  any  one  of  the  antennae.  If, 
then,  such  a  radial  antenna  is  arranged  at  any  place,  and  if  a  trans- 
mitting station  is  placed,  say  on  a  ship  in  motion,  at  a  distance, 
Marconi  can  locate  within  narrow  limits  the  position  of  the  ship,  even 
though  invisible  and  below  the  horizon,  by  ascertaining  in  which 
of  the  radial  antenna  the  signals  are  perceived.  For  they  are  moBt 
vigorous  in  that  horizontal  receiving  antenna  which  points  directly 
away  from  the  ship  or  transmitting  station. 

It  thus  appears  that  Marconi  has  given  a  most  simple  and  practical 
solution  of  the  problem  of  locating  the  radiant  point,  and  also  of  that 
of  projecting  a  beam  of  electric  radiation  in  a  required  direction. 

Another  plan  for  locating  the  direction  of  the  incident  waves 
previously  suggested  appears  to  have  originated  with  J.  S.  Stone. 
His  proposal  was  to  place  two  vertical  receiving  antennsB  at  a  distance 
apart  equal  to  one  half  of  a  wave  length  of  the  waves  employed, 
and  to  arrange  these  so  as  to  be  capable  of  rotating  round  an 
axis  halfway  between  them.  If  then  these  two  antennaB  are  placed 
in  the  line  of  direction  in  which  the  incident  waves  are  travelling,  the 
inventor  states  that  they  will  be  oppositely  affected,  and  if  the  variations 
of  potential  or  current  at  their  respective  bases  are  inductively  combined 
so  as  to  be  added  together,  they  will  not  affect  a  receiving  instrument. 
On  the  other  hand,  if  the  line  joining  the  two  antennae  is  perpendicular 
to  the  direction  in  which  the  waves  are  travelling,  then  the  potential 
or  current  variations  in  them,  being  in  the  same  phase,  can  be  added 
together  so  as  to  affect  a  receiving  cymoscope  operated  upon  by  the 
two  antennae  jointly.  Hence  the  direction  in  which  the  incident 
wave  is  traveUing  may  be  ascertained  by  finding  the  position  into 
which  the  two  receiving  antennae  must  be  turned,  so  that  their  joint 
effect  on  the  cymoscope  is  wt/.**  Apart,  however,  from  the  mechanical 
and  almost  insuperable  difficulties  of  so  dealing  with  antennae  which 
must  be  hundreds  of  feet  apart  in  the  case  of  the  waves  used  in 
electric  wave  telegraphy,  this  proposal  neglects  altogether  the  effects 
which  arise  from  the  damping  in  the  wave  train.  When  a  wave  train 
of  highly  damped  electric  waves  is  travelling  through  space,  although 
the  electric  and  magnetic  forces  at  places  separated  by  half  a  wave 
length  are  opposite  in  direction  at  any  instant,  they  are  not  equal  in 
magnitude.  Accordingly,  there  would  be  a  differential  effect  on  the 
two  antennae  placed  half  a  wave  length  apart  in  the  hne  of  motion, 

"  See  G.  Marconi,  "  On  Methods  whereby  the  Radiation  of  Electric  Waves  may 
be  mainly  confined  to  Certain  Directions,  and  whereby  the  Receptivity  of  a  Receiver 
may  be  restricted  to  Electric  Waves  emanating  from  Certain  Directions."  Read 
at  the  Royal  Society,  March  22,  1906. 

'*  See  U.S.A.  patent  specifications  of  J.  S.  Stone,  Nos.  716,184,716,136,  of  1902. 
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due  to  the  difference  in  magnitude  of  the  simultaneous  forces  in 
opposite  directions.  Hence  this  plan  of  Stone's,  though  ingenious  and 
re-described  subsequently  by  many  other  patentees,  does  not  seem  to 
have  reached  practical  realization. 

20.  Conolusion. — The  discussion  of  phenomena  and  the  description 
of  apparatus  given  in  this  treatise  by  no  means  exhausts  all  that  has 
been  done  in  connection  with  the  theory  and  practice  of  electric  wave 
telegraphy.  This  particular  form  of  wireless  telegraphy  is  not  yet  ten 
years  old,  but  its  remarkable  achievements  during  that  time,  and  the 
continual  additions  which  are  being  made  to  our  knowledge  of  the 
processes  concerned,  give  abundant  reasons  for  believing  that  it  is 
destined  to  accomplish  still  more  in  future  years  to  augment  facilities 
for  human  intercommunication  over  land  and  sea. 

It  has  already  proved  itself  to  be  of  the  utmost  value  in  effecting 
maritime  communications  between  ship  and  ship  and  between  ship 
and  shore.  It  has  vastly  increased  the  security  of  life  in  ocean  travel, 
and  even  if  militant  mankind  has  foimd  in  it  a  new  implement  of  war, 
its  peaceful  victories  have  yet  made  it  an  indispensable  addition  to  the 
resources  of  civilization.  We  have  by  no  means  reached  finality  in 
its  practical  developments,  but  progress  in  this  respect  is  conditioned 
by  the  study  bestowed  upon  the  purely  scientific  problems  involved, 
and  upon  a  continual  increase  in  our  knowledge  of  the  properties  and 
powers  of  the  electromagnetic  medium,  and  of  the  interconnections 
between  aether,  matter,  and  electricity  which  modern  physical  research 
has  shown  to  be  so  intimate  and  fundamental. 
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WIEELESS  TELEGKAPHY  ACT,   1904  (4  Edw.   VII.) 

An  Ad  to  prmde  for  the  Regulation  of  Wirele^  Telegraphy. 

[August  i5,  1904. 

Be  it  enacted  by  the  King's  most  Excellent  Majesty,  by  and  with 
the  advice  and  consent  of  the  Lords  Spiritual  and  Temporal  and 
Commons,  in  this  present  Parliament  assembled,  and  by  the  authority 
of  the  same,  as  follows : — 

1.— (i.)  A  person  shall  not  establish  any  wireless  telegraph 
station,  or  instal  or  work  any  apparatus  for  wireless  telegraphy,  in 
any  place  or  on  board  any  British  ship  except  under  and  in  accord- 
ance with  a  licence  granted  in  that  behalf  by  the  Postmaster- 
General. 

(ii.)  Every  such  licence  shall  be  in  such  form  and  for  such  period 
as  the  Postmaster-General  may  determine,  and  shall  contain  the 
terms,  conditions,  and  restrictions  on  and  subject  to  which  the  licence 
is  granted,  and  any  such  licence  may  include  two  or  more  stations, 
places  or  ships. 

(iii.)  If  any  person  establishes  a  wireless  telegraph  station  without 
a  licence  in  that  behalf,  or  instals  or  works  any  apparatus  for  wireless 
telegraphy  without  a  licence  in  that  behalf,  he  shall  be  guilty  of  a 
misdemeanour  and  be  hable,  on  conviction  under  the  Summary 
Jurisdiction  Acts,  to  a  penalty  not  exceeding  ten  pounds,  and  on 
conviction  on  indictment  to  a  fine  not  exceeding  one  hundred  pounds, 
or  to  imprisonment,  with  or  without  hard  labour,  for  a  term  not 
exceeding  twelve  months,  and  in  either  case  be  liable  to  forfeit  any 
apparatus  for  wireless  telegraphy  installed  or  worked  without  a 
licence,  but  no  proceedings  shall  be  taken  against  any  person  imder 
this  Act  except  by  order  of  the  Postmaster-General,  the  Admiralty, 
the  Army  Council,  or  the  Board  of  Trade. 

(iv.)  If  a  justice  of  the  peace  is  satisfied  by  information  on  oath 
that  there  is  reasonable  ground  for  supposing  that  a  wireless  tele- 
graph station  has  been  established  without  a  Ucence  in  that  behalf, 
or  that  any  apparatus  for  wireless  telegraphy  has  been  installed  or 
wprked  in  any  place  or  on  board  any  ship  within  his  jurisdiction 
without  a  licence  in  that  behalf,  he  may  grant  a  search  warrant  to 
any  police  officer  or  any  officer  appointed  in  that  behalf  by  the 
Postmaster-General,  the  Admiralty,  the  Army  Council,  or  the  Board 
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of  I'rade  and  named  in  the  warrant,  and  a  warrant  so  granted  shall 
authorize  the  officer  named  therein  to  enter  and  inspect  the  station, 
place  or  ship,  and  to  seize  any  apparatus  which  appears  to  him  to  be 
used,  or  intended  to  be  used,  for  wireless  telegraphy  therein. 

(v.)  Sections  six  himdred  and  eighty-four,  six  hundred  and  eigbt y- 
five,  and  six  hundred  and  eighty-six  of  the  Merchant  Shipping  Act, 
1894  (which  relate  to  the  jurisdiction  of  courts  and  justices),  and 
section  six  hundred  and  ninety-three  of  the  same  Act  (which  relates 
to  distress  for  sums  ordered  to  be  paid  by  masters  and  owners  of 
ships),  shall  apply  to  the  jurisdiction  of  courts  and  justices  in  respect 
of  ships,  and  to  distress  xmder  this  Act. 

(vi.)  The  Postmaster-General  may  make  regulations  for  pre- 
scribing the  form  and  manner  in  which  applications  for  licences 
under  this  Act  are  to  be  made,  and,  with  the  consent  of  the  Treasury, 
the  fees  payable  on  the  grant  of  any  such  licence. 

(vii.)  The  expression  "  wireless  telegraphy  "  means  any  system 
of  communication  by  telegraph  as  defined  in  the  Telegraph  Acts, 
1863  to  1904,  without  the  aid  of  any  wire  connecting  the  points  from 
anl  at  which  the  messages  or  other  communications  are  sent  and 
received ;  Provided  that  nothing  in  this  Act  shall  prevent  any  person 
from  making  or  using  electrical  apparatus  for  actuating  machinery  or 
for  any  purpose  other  than  the  transmission  of  messages. 

2. — (i.)  Where  the  applicant  for  a  licence  proves  to  the  satisfaction 
of  the  Postmaster-General  that  the  sole  object  of  obtaining  the  licence 
is  to  enable  him  to  conduct  experiments  in  wireless  telegraphy,  a 
licence  for  that  purpose  shall  be  granted,  subject  to  such  special 
terms,  conditions,  and  restrictions  as  the  Postmaster-General  may- 
think  proper,  but  shall  not  be  subject  to  any  rent  or  royalty. 

(ii.)  Where  an  applicant  for  a  licence  satisfies  the  Postmaster- 
General  that  a  wireless  telegraph  station  is  to  be  used  solely  for  the 
transmission  of  telegrams  which  are  within  the  first  or  second 
exception  from  the  exclusive  privilege  of  transmitting  telegrams 
conferred  upon  the  Postmaster-General  by  the  Telegraph  Act,  1869, 
a. licence  for  that  purpose,  if  granted,  shall  not  be  subject  to  any  rent 
or  royalty. 

(iii.)  It  shall  be  lawful  for  the  Postmaster-General,  due  regard 
being  had  to  the  maintenance  and  exercise  of  effective  control  over 
wireless  telegraphy,  to  grant  special  licences  at  reduced  terms  for  the 
estabUshment  and  working  of  wireless  telegraph  stations  to  be  used 
exclusively  for  the  transmission  within  the  United  Kingdom  of  news 
to  public  registered  newspapers.  A  schedule  of  all  reduced  rents  or 
royalties  imposed  by  any  special  Ucences  shall  be  laid  before  both 
Houses  of  Parliament  within  fourteen  days  of  the  commencement  of 
the  session  next  succeeding  the  grant  of  any  such  licences. 

3. — (i.)  This  Act  may  be  cited  as  the  Wireless  Telegraphy  Act, 
1904,  and  may  be  cited  with  the  Telegraph  Acts,  1863  to  1904. 

(ii.)  This  Act  shall  extend  to  the  whole  of  the  British  Islands  and 
to  all  British  ships  in  the  territorial  waters  abutting  on  the  coast  of 
the  British  Islands,  and  the  Eoyal  Courts  of  the  Channel  Islands 
shall  register  this  Act  accordingly. 

(iii.)  His  Majesty  in  Council  may  order  that  this  Act  shall,  subject 
to  any  conditions,  exceptions,  and  qualifications  contained  in  the 
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order,  apply  during  the  continuance  of  the  order  to  British  ships 
whilst  on  the  high  seas. 

(iv.)  A  person  shall  not  work  any  apparatus  for  wireless  tele- 
graphy installed  on  a  foreign  ship  whilst  that  ship  is  in  territorial 
waters  otherwise  than  in  accordance  with  regulations  made  in  that 
behalf  by  the  Postmaster-General,  and  the  Postmaster-General  may, 
by  any  such  regulations,  impose  penalties  recoverable  summarily  for 
the  breach  of  any  such  regulations  not  exceeding  ten  pounds  for  each 
ofifence,  and  may  provide  for  the  forfeiture  on  any  such  breach  of  any 
apparatus  for  wireless  telegraphy  installed  or  worked  on  such  ship. 
Save  as  aforesaid,  nothing  in  this  Act  shall  apply  to  the  working  of 
apparatus  for  wireless  telegraphy  installed  on  any  foreign  ship. 

4.  In  the  application  of  this  Act  to  Scotland  the  expression 
"  misdemeanour  "  meand  crime  and  offence. 

5.  In  the  application  of  this  Act  to  the  Channel  Islands  and  the 
Isle  of  Man — 

(i.)  The  lieutenant-governor  of  the  Island  of  Jersey  or  the  Island 
of  Guernsey,  and  the  governor,  lieutenant-governor,  or 
deputy-governor  of  the  Isle  of  Man,  as  the  case  may 
require,  shall  be  substituted  for  the  Board  of  Trade : 

(ii.)  Offences  may  be  prosecuted,  fines  recovered,  proceedings 
taken,  and  search  warrants  issued  in  such  courts  and  in 
such  manner  as  may  for  the  time  being  be  provided  in  the 
Channel  Islands  and  the  Isle  of  Man  by  law,  or,  if  no 
express  provision  is  made,  then  in  and  before  the  courts 
and  in  the  manner  in  which  the  like  offences,  fines,  pro- 
ceedings, and  warrants  may  be  prosecuted,  recovered, 
taken,  or  issued  therein  by  law,  or  as  near  thereto  as 
circumstances  admit,  and  the  bailiff  or  his  lieutenant  or 
any  jurat  of  the  Eoyal  Court  in  the  Island  of  Jersey  or  the 
Island  of  Guernsey,  and  the  judge  or  any  jurat  of  the 
Court  of  Aldemey,  and  the  high  bailiff  or  two  justices  of 
the  peace  in  the  Isle  of  Man,  shall  respectively  be  sub- 
stituted for  a  justice  of  the  peace. 

6.  This  Act  shall  continue  in  force  until  the  thirty-first  day  of 
July  nineteen  hundred  and  six,  and  no  longer  unless  Parliament 
otherwise  determines. 


In  February,  1906,  a  Bill  was  introduced  into  the  House  of 
Commons  by  Mr.  Sidney  Buxton,  the  Postmaster-General,  to 
continue  in  force  the  Wireless  Telegraph  Act  of  1904  for  a  further 
six  years. 
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BRITISH  PATENTS  RELATING  TO  IMPROVEMENTS 
IN  ELECTRIC  WAVE  WIRELESS  TELEGRAPHY 
GRANTED  BETWEEN   1896   AND   1906 


1896. 


G.  Marconi. 

12,039 

June  2nd. 

L.  B.  Miller. 

12,859 

June  11th. 

A.  C.  Brown  and 

28,956 

G.  B.  Neilson. 

Dec.  17th. 

J.  Rymer-Jones. 

18 
5040 

Feb.  24th. 

W.  L,  Wise. 

6787 

(A.  C.  Crehore  and 

Mar.  15th. 

G.  0.  Squier.) 

0.  J.  Lodge. 

11,575 

May  10th. 

0.  J.  Lodge  and 

16,405 

A.  MUIRHEAD. 

July  10th. 

0.  J.  Lodge  and 

18,644 

A.  MuiRHEAD. 

Aug.  11th. 

0.  J.  Lodge  and 

29,069 

A.  MuiRHEAD. 

Dec.  8th. 

G.  Marconi. 

29,306 

Dec.  10th. 

0.  J.  Lodge. 

29,505 

Dec.  13th. 

L.  B.  Miller. 

29,778 

Dec.  16th. 

E.  Wilson  and 

30,846 

0.  J.  Evans. 

Dec.  30th. 

Improvements  in  Transmittini: 
Electrical  Impulses  and  Signals 
and  in  Apparatus  therefor. 

Improvements  in  Electric  Trans- 
formers. 

Improvements  in  Means  of  Tele- 
graphing or  Telephoning  with- 
out Wires. 


A  New  or  Improved  Telegraph 
Belay  suitable  for  Long  Sub- 
marine Cables. 

Improvements  in  Electric  Tele- 
graphic Systems. 

Improvements  in  Syntonized 
Telegraphy  without  Line  Wires. 

Improvements  relating  to  Electric 
Telegraphy. 

Improvements  relating  to  Electric 
Telegraphy. 

Improvements  in  Syntonic  Tele- 
graphy. 

Improvements  in  Apparatus  em- 
ployed in  Wireless  Telegraphy. 

Improvements  in  Magnetic  Tele- 
graphy and  Telephony. 

Improvements  in  Telegraphy. 

A  Method  or  Methods  for  Con- 
trolling a  Mechanism  or  Me- 
chanisms by  Means  of  Electric 
or  Electromagnetic  Waves  of 
High  Frequency. 
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1898. 


S.  P.  Thompson. 

E.  DUCRETBT. 
E.  DUCBETET. 

A.  L.  Davis. 
G.  Marconi. 

K.  ZlCKLER. 

R.  VON  HoRVATH  and 

M.  COHN. 

L.  H.  Walter. 


1687 
Jan.  2l8t. 

3259 
Feb.  9th. 


8301 
April  7th. 

8,391 
April  9th. 


12,325 
June  1st. 

12,860 
June  8th. 

20,794 
Oct.  3rd. 

23,624 
Nov.  9th. 


Improvements  in  Electric  Signal- 
ling Apparatus. 

Improvements  in  the  Construc- 
tion of  Apparatus  for  producing 
and  receiving  Hertzian  Elec- 
tric Waves. 

Improvements  in  the  Construc- 
tion of  Morse's  Registering 
Telegraphic  Instruments. 

Improvements  in  High  Tension 
Transformers  and  Induction 
Coils  for  Roentgen  Ray  Work 
and  for  other  Purposes. 

Improvements  in  Apparatus  em- 
ployed in  Wireless  Telegraphy. 

Improvements  in  Telegraphy  by 
Means  of  Electric  Light. 

Improvements  in  Electric  Signal- 
ling Apparatus  for  Ships. 

Improvements  in  or  relating  to 
the  Utilization  of  Hertzian  and 
similar  Radiations  and  Appa- 
ratus therefor. 


1899. 


J.  C.  SCHAFER, 

813 

E.  Renz,  and 

Jan.  13th. 

P.  LiPPOLD. 

S.  G.  Brown. 

1434 

Jan.  21st. 

F.  Braun. 

1862 

Jan.  26th. 

F.  Braun. 

1863 

Jan.  26th. 

A.ORLiNoandC.G.G. 

1866 

Braunerhjelm. 

Oct.  27th. 

M.  J.  Nehemias  and 

2386 

H.  F.  A.  Schroder 

Feb.  2nd. 

F.  Braun. 

5104 

Mar.  8th. 

B.  Cohen  and 

5543 

P.  H.  Cole. 

Mar.  14th. 

An  Improved  Electrical  Signalling 
and  Telegraphic  Apparatus. 

Improvements  in  Electric  Tele- 
graph Apparatus. 

Improvements  relating  to  the 
Transmission  of  Electric  Tele- 
graph Signals  without  Con- 
necting Wires. 

Wireless  Electric  Transmission 
of  Signals  over  Surfaces. 

An  Improved  Receiver  for  Waves 
of  Light,  Heat,  or  Electricity. 

Improvements  in  Apparatus  for 
Use  in  Connection  with  Wire- 
less Telegraphy. 

Reinforcement  of  Electrical 
Waves  and  Avoidance  of  Loss 
by  Straying,  Reflection,  and  the 
hke,  by  means  of  a  Condenser. 

A  Multiplex  Selective  System  of 
Wireless  Telegraphy. 
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G.  Marconi. 

J.  C.  SCHAFER, 

E.  Renz,  and 

P.   LiPPOLD. 

G.  Marconi. 

P.  H.  Cole  and 
B.  Cohen. 


J.  Gardner. 


5657 
Mar.  15th. 

6002 
Mar.  20th. 

6982 

April  1st. 

7641 

April  11th. 


7761 
April  13th. 


R.     Greville  -  WiL-         9272 
LiAMS.  May  2nd. 


E.  Ducretet. 

L.  B.  Miller. 
C.  E.  Kelvvay. 


F.  Braun. 

T.  H.  H.  BoDDE. 

S.  G.  Brown. 

J.  T.  Armstrong  and 

A.  Orling. 
S.  G.  Brown. 

J.  C.  Baviera. 


W.  P.  Thompson. 
(F.  Braun.) 

J.  C.  Baviera. 


9791 
May  9th. 

10,406 
May  17th. 

12,124 
June  lOth. 


12,420 
June  14th. 

14,407 
July  12th. 

14,449 
July  13th. 

19,640 
Sept.  29th, 

19,710 
Oct.  2nd. 

20,084 
Oct.  6th. 


22,020 
Nov.  3rd. 

23,504 
Nov.  24th. 


Improvements  in  Appar&tiis  em- 
ployed in  Wireless  Telegraphy. 

Receiving  Apparatus  for  so-calit^ 
Hertzian  Waves  for  Transform- 
ing same  into  Perceptible  Signs. 

Improvements  in  Apparatus  em- 
ployed in  Wireless  Telegraphy-. 

Improvements  in  Hertzian  W^ave 
Telegraphy  to  enable  Signals 
to  be  transmitted  to  any  I>is- 
tance  by  Means  of  Intermediate 
Belay  Stations. 

Improvements  in  or  relating  to 
Telegraphic  Transmitting  In- 
struments. 

Improvements  in  Telegraphing 
Graphic  or  other  Matter  Auto- 
matically, yrithout  Wires,  and 
in  Apparatus  therefor. 

Improvements  in  Apparatus  for 
receiving  "  Hertz  "  Electric 
Undulations  or  Waves. 

Improvements  in  W^irele«s  Tele- 
graphy. 

A  Method  of  and  Improvements 
in  Apparatus  for  Ascertaining 
the  Distance  and  Direction  of 
Sonorous  Bodies  or  Sound-pro- 
ducing Appliances. 

Improvements  in  Wireless  Tele- 
graphy. 

A  Signalhng  Apparatus  for  pre- 
venting Collisions  between 
Vessels  at  Sea. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Electromag- 
netic Wave  Apparatus. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  the  Method  of 
and  Means  for  transmitting 
and  receiving  Electric  Waves 
for  the  Production  of  Signals, 
and  for  Imparting  Motion  to 
Machines  or  Apparatus. 

Improvements  in  or  relating  to 
Telegraphy  without  the  use  of 
Continuous  Wires. 

Improvements  in  Keceiving  Ap- 
paratus for  Hertzian  Badiations 
or  Electromagnetic  Waves. 
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G.  Marconi. 

E.  GUARINl. 


26,186  Improvements  in  Apparatus  em- 
Dec.  19th.  ployed  in  Wireless  Telegraphy. 

25,691  Improvements  in   Apparatus  for 

May  27th.  Wireless  Telegraphy, 


1900. 


L.  A.  Mangin. 

262 

June  6th. 

E.  G.  FoRESio. 

1556 

Jan  24th. 

A.  S.  Popov. 

2797 

Feb.  12th. 

G.  Marconi. 

6387 

Mar.  21st. 

L.  Cerebotani  and 

7082 

C.  Moradelli. 

April  17th. 

G.  Marconi. 

•       7777 

April  26th. 

J.  N.  Maskblyne. 

7983 

April  30th. 

J.  C.  SCHAFER, 

8142 

p.  LiPPOLD,  and 

May  2nd. 

E.  Renz. 

W.  C.  L.  Eglin. 

9458 

May  22nd. 

C.  E.  Wilson. 

10,312 

June  6th. 

A.  Bull 

11,824 

June  29th. 

C.     Marechal, 

13,643 

J.  Michel,  and 

July  30th. 

E.  Dervin. 

A.  G.  Brown. 

14,086 

Aug.  7th. 

C.  E.  Wilson. 

14,468 

Aug.  13th. 

G.  F.  R.  Blochmann. 

14,668 

Aug.  14th. 

C.  G.  G.  Braunerh- 

14,704 

jelm. 

Jan.  26th. 

T.  J.  Bowlker. 

14,794 

Aug.  17th. 

System  of  Intercommunication 
between  Trains  and  Railway 
Stations  and  vice  r^rsd,  and  be- 
tween the  Trains  themselves. 

Improvements  in  the  Method  of 
transmitting  Electric  Energy 
through  Ether,  and  Devices  for 
same. 

Improvements  in  Coherers  for 
Telephonic  and  Telegraphic 
Signalling. 

Improvements  in  Apparatus  for 
Wireless  Telegraphy. 

Improvements  in  Printing  Tele- 
graphs. 

Improvements  in  Apparatus  for 
Wireless  Telegraphy. 

Improvements  in  Electrical  Sig- 
nalling. 

An  Apparatus  for  receiving  Hert- 
zian Waves  and  translating 
them  into  Perceptible  Signs. 

Improvements  in  Space  Tele- 
graphy. 

Improvements  in  and  connected 
with  Wireless  Telegraphy. 

Improvements  in  Telegraphy  and 
in  Apparatus  connected  there- 
with. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements     in    Wireless    or 

Hertzian  Telegraphy. 
Improvements     in     Telegraphic 

Relays. 
Improvements    relating    to    the 

transmission  and  receiving  of 

Telegraphic  Signals. 
Improvements    in     Transmitters 

for  Electrical  Waves  or  the  hke 

Apparatus. 
Improvements   in  Apparatus  for 

use  in  Wireless  Telegraphy. 
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J.  T.  Armstrong  and        14,841 
A.  Orlino.  Aug.  18th. 


C.  E.  Wilson. 

T.  J.  ElCALDONI. 
p.  DE  ChIMKEVITCH 


J.  A.  Fleming  and 
Marconi's  Wire- 
less Tel.  Co. 

M.  H.  L.  Clark. 


E.  Ducretet. 


15,298 
Aug.  28th. 

16,870 
Sept.  6th. 

18,658 
Oct.  18th. 


18,865 
Oct.  22nd. 

19,114 
Oct.  25th. 


19,425 
Oct.  30th. 
J.    A.    Fleming    and       20,576 
Marconi's     Wire-    Nov.  14th. 
LESS  Tel.  Co. 

W.  DU  BOIS  DUDDELL.         21,629 

Nov.  29th. 


A.  E.  Blondel. 

A.  J.  BOULT. 

(American  Wire- 
less Telegraph 
Co.'s.) 

J.  A.  Fleming  and 
Marconi's  Wire- 
less Tel.  Co. 

V.  I.  Feeny. 


21,909 
May  3rd. 

22,026 
Dec.  4th. 


22,126 
Dec.  5th. 

23,155 
Dec.  18th. 


J.   A.    Fleming    and       23,163 
Marconi's     Wire-    Dec.  18th. 
LESS  Tel.  Co. 

J.  N.  Maskelyne  and       23,549 
A.  Marr.  Dec.  24th. 


Improvements  in  Means  and 
Apparatus  for  Telegraphing 
and  ControUing  Various  Me- 
chanisms from  a  Distance 
without  Wire  or  other  like 
Connections. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Apparatus  for 
Producing  Electric  Waves. 

A  New  or  Improved  System  of 
and  Apparatus  for  Selective 
Electric  Signalling  and  Opera- 
ting Mechanism  at  a  Distance. 

Improvements  in  Apparatus  for 
the  Production  of  Electrical 
Oscillations. 

Improvements  in  or  applicable 
to  Search  Light  and  Signalling 
Apparatus. 

Improvements  in  and  relating  to 
Electric  Coherers. 

Improvements  in  Apparatus  for 
Signalling  by  Wireless  Tele- 
graphy. 

Improvements  in  and  connected 
with  Means  for  the  Conversion 
of  Electrical  Energy,  derived 
from  a  Source  of  Direct 
Current,  into  Varying  or  Alter- 
nating Currents. 

Improvements  in  and  connected 
with  Wireless  Telegraphy. 

Improvements  in  Electric  Wave 
Telegraphs. 


Improvements  in  Apparatus  for 
Wireless  Telegraphy. 

Improvement  in  the  Arrange- 
ment and  Connection  for 
Single  and  Multiplex  Wireless 
Telegraphy. 

Improvements  in  Portable  Ap- 
paratus for  Wireless  Telegraphy 
for  Military  and  other  Pur- 
poses. 

Improvements  in  and  relating  to 
Telegraphic  Transmitting  Ap- 
paratus. 
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1901. 


G.  Marconi. 

409 

Jan.  7th. 

G.  Marconi. 

410 

Jan.  7th.' 

G.  Marconi. 

411 

Jan.  7th. 

J.    A.    Fleming    and 

3481 

Marconi's    Wire- 

Feb. 18th. 

less  Tel.  Co. 

G.  F.  R.  Blochmann 

11,003 

and  C.  E.  Bichel. 

May  28th. 

H.  Shoemaker, 

11,214 

Jan.  17th. 

H.  H.  Lake. 

11,293 

(Nikola  Tesla.) 

June  Ist. 

0.     J.     Lodge    and 

11,348 

A.  MuiRHEAD. 

June  3rd. 

II.  Shoemaker. 

12,816 

Jan.  22nd. 

J.  T.  Armstrong  and 

14,219 

A.  Orling. 

July  12th. 

H.  H.  Lake. 

14,679 

(Nikola  Tbsla.) 

July  17th. 

H.    Shoemaker    and 

14,919 

G.  P.  Gehring. 

July  22nd. 

V.  I.  Feeny. 

15,622 

July  31st. 

G.  Marconi. 

18,106 

Sept.  10th. 

E.  Dl'Cretet. 

19,461 

Sept.  30th, 

E.  Guarini-Foresio. 

20,283 

Mar.  13th. 

A.  F.  Collins. 

21,744 

Oct.  29th. 

Improvements  in  Apparatus  for 

Wireless  Telegraphy. 
Improvements  in  Apparatus  for 

Wireless  Telegraphy. 
Improvements  in  Apparatus  for 

Wireless  Telegraphy. 
Improvements  in  Apparatus  for 

Wireless  Telegraphy. 

Improvements  relating  to  Ap- 
paratus for  transmitting  and 
receiving  Electric  Signals  or 
for  firing  Explosive  Mines. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  relating  to  the 
Utilization  of  Electromagnetic, 
Xiight,  or  other  like  Eadiations, 
Effects,  or  Disturbances  trans- 
mitted through  the  Natural 
Media  and  to  Apparatus  there- 
for. 

Improvements  in  Syntonic  Space 
Telegraphy. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Means  and 
Apparatus  for  operating  and 
controlling  Telegraphic  and 
other  Apparatus  or  Mechanism 
from  a  Distance  without  Wire 
or  other  like  Connections. 

Improvements  in  and  relating  to 
the  Transmission  of  Electrical 
Energy. 

Improvements  in  Wireless  Tele- 
graphy. 

Improved  System  of  Wireless 
Telegraphy. 

Improvements  in  Coherers  or 
Detectors  for  Electrical  Waves. 

Improvements  in  Transmitting 
and  Receiving  Apparatus  for 
Hertzian  Waves. 

Improvements  in  Eepeaters  for 
Wireless  Telegraphy. 

Improvements  in  Apparatus  for 
the  Wireless  Transmission  of 
Electric  Oscillations. 
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J.  T.  Armstrong  and       21,981 
Axel  Orlino.  Oct.  31st. 


J.   A.    Fleming    and       24,825 
Marconi's    Wire-     Dec.  6th. 
LESS  Tel.  Co. 


Improvements  in  and  connected 
with  Galvanoscopes  and  means 
of  actuating  one  or  nacre  Relays 
thereby. 

Improvements  in  Methods  for 
prodncing  Electric  Waves. 


1902. 


S.  G.  Brown. 

750 

Jan.  10th. 

J.  Cervera. 

5618 

Mar.  6th. 

J.  Cervera. 

5618B 

Mar.  6th. 

H.  Shoemaker. 

5982 

Mar.  11th. 

G.  L.  HOGAN. 

6473 

Mar.  17th. 

H.  Shoemaker. 

6481 

Mar.  17th. 

G.  L.  HOGAN. 

7075 

Mar.  22nd. 

W.  L.  Wise. 

9815 

(K.  BiRKELAND.) 

April  29th. 

0.  J.  Lodge  and  A. 

10,181 

MUIRHEAD. 

May  2nd. 

G.  Marconi. 

10,245 

May  3rd. 

J.  Evans-Jackson. 

10,452 

(De  Forest  Wire- 

May 6th. 

less      Telegraph 

Co.) 

J.  MUNRO. 

11,269 

May  16th. 

H.  Shoemaker. 

12,474 

May  31st. 

G.  L.  HOGAN. 

12,517 

Jane  2nd. 

Improvements  in  W^ireless  Tele- 
graphy. 

Improvements  in  or  connected 
with  Wireless  Telegraphy. 

Improvements  in  Electric  Switches 
specially  applicable  for  use  in 
connection  with  Wireless  Tele- 
graphy. 

Improvements  in  Electric  Tele- 
graph Systems  and  relating 
more  particularly  to  Wireless 
Systems, 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Wireless  Tele- 
graph Systems. 

Improvements  in  Multiplex  Tele- 
phony, Telegraphy,  and  the 
Transmission  of  Electrical  Im- 
pulses and  Vibrations. 

Improvements  in  and  connected 
with  the  Prevention  or  Mini- 
mizing of  Sparking  on  the 
Interruption  of  Ethereal  Tele- 
graphic and  other  Electric 
Circuits. 

Improvements  in  Syntonic  Space 
Telegraphy. 

Improvements  in  Beceivers  suit- 
able for  Wireless  Telegraphy. 

Improvements  in  Wireless  Tele- 
graphy and  Means  therefor. 


Improvements  in  Wireless  Signal- 
ling. 

Improvements  in  Wireless  Tele- 
graphic and  Telephonic 
Systems. 

Improvements  in  Multiplex  Tele- 
graphy. 
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C.  D.  Ehret.  12,706 

June  3rd. 
O.  J.  Lodge,  13,521 

A.  MuiRHEAD,  and     June  14th. 
E.  E.  Robinson. 
E.  Wilson.  14,829 

July  3rd. 


A.  Blondel. 

16,627 

July  11th. 

H.  Shoemaker. 

16,402 

July  23rd. 

S.  P.  Thompson. 

16,660 

July  25th. 

L.  H.  Walter. 

17,111 

Aug.  2nd. 

La  Compaonie  Fran- 

17,396 

CAisE    Des    Tel6- 

Feb.  8th. 

GRAPHEB    ET    T^.h^.' 

PHONES  SANS  FIL. 

R.  A.  Fessenden. 

17,703 

Aug.  12th. 

R.  A.  Fessenden. 

17,704 

Aug.  12th. 

R.  A.  Fessenden. 

17,705 

Aug.  12th. 

R.  A.  Fessenden. 

17,707 

Aug.  12th. 

R.  A.  Fessenden. 

17,708 

Aug.  12th. 

L.   H.   Walter   and 

21,462 

J.  A.  EWING. 

Oct.  2nd. 

Marconi's  Wireless 

26,668 

Tel.  Co.,  Ltd.,  and 

Nov.  21st. 

C.  S.  Franklin. 

A.  Artom. 

26,396 

Nov.  29th. 

R.  A.  Fessenden, 

26,662 

Dec.  2nd. 

R.  A.  Fessenden. 

26,663 

Dec.  2nd. 

H.  H.  Lake. 

27,263 

(J.  S.  Stone.) 

Dec.  10th. 

H.  H.  Lake. 

27,272 

(J.  S.  Stone.) 

Dec.  10th. 

H.  H.  Lake. 

27,296 

(J.  S.  Stone.) 

Dec.  11th. 

Improvements  in  Wireless  Tele- 
graph Systems. 

Improvements  in  and  relating  to 
Coherers, 

Improvements  in  Detectors  of 
Electric  Currents  induced  in 
Systems  of  Space  Telegraphy. 

Improvements  in  or  relating  to 
Wireless  Telephony. 

Improvements  relating  to  Wire- 
less Telegraph  Systems. 

Improvements  in  controlling 
Alternating  Electric  Currents 
for  Signalling. 

A  New  Receiver  for  Wireless 
Telegraphy. 

Improved  Receiver  for  use  in 
Wireless  Telegraphy  and  Tele- 
phony. 

Signalling  and  transmitting 
Electric  Energy  by  Electro- 
magnetic Waves. 

Improvements  in  Wireless  Sig- 
nalling 

Improvements  in  Wireless  Sig- 
nalling. 

Improvements  in  Transmitting 
and  Receiving  Signals. 

Improvements  in  Signalling  by 
Electromagnetic  Waves. 

Improvements  in  or  relating  to 
the  Detection  of  Electrical 
Oscillations. 

Improvements  in  Apparatus  used 
for  Wireless  Telegraphy. 

Improvements  in  and  relating  to 
Wireless  Telegraphy. 

Improvements  in  Selective  Signal- 
Ung  by  Electromagnetic  Waves. 

Improvements  in  Current-ope- 
rated Receiver  for  Electro- 
magnetic Waves. 

Improvements  in  Apparatus  for 
Selective  Electric  Signalling. 

Improvements  in  the  Method  of 
Selective  Electric  Signalling. 

Improvements  in  Apparatus  for 
ampUfying  Electromagnetic 
Signal  Waves. 
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H.  H.  Lake. 

(J,  S.  Stone.) 

H.  H.  Lake. 
(J.  S.  Stone.) 

H.  H.  Lake. 
(J.  S.  Stone.) 

H.  H.  Lake. 

(J.  S.  Stone.) 

H.  H.  Lake. 

(J.  S.  Stone.) 

H.  H.  Lake. 
(J.  S.  Stone.) 

H.  H.  Lake. 

(J.  S.  Stone.) 
H.  H.  Lake. 

(J.  S.  Stone.) 
H.  H.  Lake. 

(J.  S.  Stone.) 
H.  H.  Lake. 

(J.  S.  Stone.) 
H.  H.  Lake. 

(J.  S.  Stone.) 

H.  H.  Lake. 
(J.  S.  Stone.) 


27,301        Improvements  in  the  Method  of 
Deo.  11th.        amplifying       Electromagnetic 
Signal  Waves. 
27,739       Improvements  relating  to  Means 
Dec.  16th.        for  transmitting  and  receiving 
Electric  Signals. 
27,742       Improvements    relating    to    the 
Dec.  16th.        Method   of    transmitting    and 
receiving  Electrical  Signals. 
27,746       Improvements    relating    to    the 
Dec.  16th.        Method    of    determining    the 
Direction  of  Magnetic  Waves. 
27,781       Improvements  in  Apparatus  for 
Dec.  16th.        determining  the   Direction  of 
Magnetic  Waves. 
28,509       Improvements    relating    to    the 
Dec.  24th.        Transmission  without  Wires  of 
Electromagnetic  Signals. 
28,616       Improvements  in  Wireless  Electric 
Dec.  24th. '      Telegraph  Systems. 

28,621       Improvements  in  Electric  Wire- 
Dec.  24th.        less  Telegraph  Systems. 

28,549       Improvements  relating  to  Wire- 
Dec.  24th.        less  Electric  Telegraph  Systems. 

28.650  Improvements  relating  to  Electric 
Dec.  24th.        Wireless  Telcjgraph  Systems. 

28.651  Improvements  in  Conductors  or 
Dec.  24th.        Oscillators  for  use  in  Electrical 

Wireless  Telegraphy. 
28,662       Improvements  relating  to  Con- 
Dec.  24th.     '  ductors  or  Oscillators  for  use  in 
Electrical  Wireless  Telegraphy. 


1903. 


A.  Williams. 


P.  M.  Justice. 

(W.  S.  Hogg.) 
G.  A.  Rung  and  D.  la 

COUR. 


G.  Musso. 


L.  DE  Forest. 


176  Means    for    promoting    Electric 

Jan.  3rd.         Discharges  across  a  Dielectric 
Gap  in  a  Circuit. 
1856         Improvements  in  Wireless  Tele- 
Jan.  26th.        graphy. 

2112         Improvements    in    Electrostatic 
Jan.  28th.        Apparatus  for  Belay  and  other 
Eecording  and  Operating  Pur- 
poses. 
3696         Wireless     and     other     Electric 
Feb.  17th.        Apparatus    acting    on    Type- 
writers. 
3876         Improvements  in  Methods   and 
Feb.  18th.        Apparatus  employed  in  Wire- 
less Signalling. 
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R.  Chauvin  and  R.  4389 

Arnoux.  Feb.  25th. 

J.  T.  Armstrong  and         7331 

A.  Orling.  Mar.  30th. 


L.  DE  Forest.  3876a        Improvements  in   Methods   and 

Feb.  18th.        Apparatus  employed  in  Wire- 
less Signalling. 

A  New  System  of  Contact  Breaker 
for  the  Primary  Circuit  of 
Induction  Coils. 

Improvements  in  and  connected 
with  Apparatus  for  the  trans- 
mission and  reception  of 
Signals  and  the  like  through 
the  Natural  Media. 

Improvements  in  Space  or  Wire- 
less Telegraphy.* 

Improvements  in  Space  Tele- 
graphy. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Wireless  Tele- 
graphy. 

Improvements  in  Methods  of  and 
Apparatus  for  Transforming 
Electrical  Energy. 

Improvements  in  and  relating  to 
Apparatus  for  the  Transmission 
of  Electrical  Energy. 

Improvements  in  or  relating  to  Ra- 
diators for  Wireless  Telegraphy. 

Improvements  in  or  relating  to 
Radiator  Systems  for  Wireless 
Telegraphy. 

A  Method  of  receiving  Electrical 
Vibrations  with  the  use  of 
Electrolytic  Cells. 

Means  for  transforming  Electric 
Waves  applicable  to  Wireless 
Telegraphy  and  the  like. 

Improvements  relating  to  Wire- 
less Telegraphy. 

Improvements  in  Electrical  Tele- 
graph Apparatus. 

Improvements  in  Induction  Coils 
for  the  Ignition  Apparatus  for 
Motors. 

Improvements  in  Apparatus  or 
Devices  for  transmitting  and 
receiving  Messages  by  Wire- 
less Telegraphy. 
16,669  An  Improved  Method  of  and 
July  14th.  Apparatus  for  Wireless  Sig- 
nalling, chiefly  designed  for 
determining  the  Nautical  Bear- 
ing of  Navigable  Vessels. 


W.  P.  Thompson. 

(J.  S.  Stone.) 
W.  P.  Thompson. 

(J.  S.  Stone.) 
W.  P.  Thompson. 

(J.  S.  Stone.) 
W.  H.  Wheatlby. 

P.  C.  Hewitt. 


A.  Artom. 

A.  Blondel. 
A.  Blondel. 

W.  E.  Evans. 

F.  Braun. 

S.  G.  Brown. 
H.  Braun. 


8507 
April  14th. 

8508 
April  14th. 

8509 
April  14th. 

8774 
April  17th. 

9206 
April  25th. 

9408 
April  25th. 

11,193 
May  16th. 

11,427 
May  28th. 

12,119 
May  27th. 

12,484 
June  2nd. 

14,190 
June  25th. 

14,299 
June  27th. 

16,199 
July  9th. 


Marconi's  Wireless 

Tel.  Co.,  and  S.  W. 

Ashley,  K.  A.  Hinde. 
C.  G.  Burke  16,552 

July  14th. 


n.  W.  Ladd. 
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V.  POULSEN. 

J.  N.  Maskelyne. 

E.  DUCRETET. 

A.  Franke. 


J.  T.  Armstrong  and 
A.  Orlinq. 

G.  MORIN. 

F.  ScHROTTKE  and 
Gesellschapt 

FtR   DrAHTLOSE 

Teleoraphie. 
T.  E.  Clark. 

L.  Despradels. 


A.  Artom. 


A.  Artom. 


H.  Shoemaker. 

J.  T.  Armstrong  and 
A.  Orling. 


Marconi's  Wireless        25,381 
Tel.    Co.    and    A.    Nov.  20th. 
Gray. 


J.  A.  Fleming. 
J.  A.  Fleming. 

F.  E.  Peters. 


15,599       Improvements    relating    to    the 
July  14th.        Production      of      Alternating 
Electric  Currents. 
16,113        Improved  Mode  of  and  Apparatus 
July  2l8t.         for    producing    and    detecting 
Hertzian  Oscillations. 
17,034       Induction  Transformer  for  Wire- 
Aug.  5th.         less  Telegraphy  Stations. 

18,181        An    Apparatus    for   determining 
Aug.  22nd.        the    Length    of    Waves    and 
observing  the    Oscillations   in 
Electric  Oscillation  Systems. 
19,063        Improvements  in  and  relating  to 
Sept.  4th.         Electro-capillary  Detectors,  Re- 
lays, and  Recording  Apparatus. 
20,061       Improvements   in  Receivers  for 
Sept.  17th.        Wireless  Communication. 

20,405       Improvements  in  the  Method  of 

Sept.  22nd.       producing     Rapid      Electrical 

Oscillations    and    System     of 

Devices  therefor. 

21,653  Improvements    in   Coherers    for 

Oct.  8th.  Wireless  Signalling. 

22,087  An    Apparatus     for  establishing 

Oct.  13th.  Electrical  Correspondence  Se- 

lectively. 
23,478         Improvements  in  and  relating  to 
Aug.  23rd.  the  Electrical  Transmissions  of 

Energy  through  Space. 
23,488       Improvements  in  and  relating  to 
Sept.  12th.       the  Electrical  Transmissions  of 
Energy  through  Space. 
23,574        Improvements  in   Wireless   Sig- 
Oct.  30th.         nailing  Systems. 

24,516  Improvements  in  and  relating  to 
Nov.  11th.  Receiving  or  Detecting  and  Re- 
cording Apparatus  for  Tele- 
graphic and  other  Electrical 
Purposes. 
Improvements  in  Circuit  Breakers 
and  Closers  especially  suit- 
able for  the  Transmitting  In- 
struments used  in  Wireless 
Telegraphy. 

25.382  Improvements     in     Telegraphic 
Nov.  20th.        Keys. 

25.383  Improvements    in    Transmitting 
Nov.  20th.        Instruments  for  Wireless  Tele- 
graphy. 

26,271        Improvements  in  Cohering  Re- 
Dec.  1st.         ceivers    used  in   Space    Tele- 
graphy. 
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R.  A.  Fessenden. 
R.  A.  Fessenden. 
G.  Eugene  Gaiffee. 


28.290  Improvements    in    Wave    Tele- 
Dec.  23rd.        graphy. 

28.291  Improvements   in  Receivers  for 
April  9th.         Electromagnetic  Waves. 

28,580       Improvements   in  or  connected 
Dec.  29th.        with  Transformers  employed  in 
High  Frequency  Current  Cir- 
cuits. 


1904. 


F.  J.  GllEEN. 

2285 

Jan.  29th. 

P.  C.  Hewitt. 

2496 

Feb.  9th. 

Bbla  Gati. 

2734 

Feb.  3rd. 

E.  DUCRETET. 

3244 

Feb.  2nd. 

F.  0.  Y.  Marqvez. 

3694 

Feb.  16th. 

G.  Marconi. 

4869 

Oct.  13th. 

W.  P.  Thompson. 

5104 

(Gesellschaft  fCr 

Mar.  1st. 

Drahtlose   Telb- 

oraphie.) 

W.  p.  Thompson. 

5105 

(Gesellschaft  fl  r 

Mar.  Ist. 

Drahtlose   Tele- 

GRAPHIB.) 

Marconi's  Wireless 

5113 

Tel.  Co.  and 

Mar.  Ist. 

Andrew  Gray. 

J.  T.  Armstrong  and 

7044 

Axel  Orlinq. 

Mar.  23rd. 

G.  Moller. 

7977 

May  2nd. 

G.  MOller. 

8321 

April  11th. 

A.  Artom. 

9408 

April  25th 

Gesellschaft  fCr 

10,708 

Drahtlose  Tele- 

May  22nd. 

GRAPHIE. 

Apparatus  for  Polarization  of 
Hertzian  Waves. 

Apparatus  for  producing  Oscil- 
latory Electric  Currents. 

Improvements  in  Electric  Tele- 
graphy. 

Induction  Transformer  for  Wire- 
less Telegraphy  Eeceiving 
Stations. 

Improvements  in  and  connected 
with  Coherers  for  Wireless 
Telegi-aphy. 

Improvements  in  Wireless  Tele- 
graphy. 

An  Improved  Method  of  In- 
creasing the  Discharge  Energy 
of  Electrical  Vibration  Systems. 

An  Improved  Method  of  Eeceiving 
Electrical  Vibrations  utilizing 
Electrolytic  Cells. 

Improvements  in  Transmitters 
suitable  for  Wireless  Tele- 
graphy. 

Improvements  in  and  relating  to 
Electro-capillary  Apparatus. 

Improvements  in  Beceiving  De- 
vices for  use  in  Wireless  Tele- 
graphy. 

Improvements  in  Eeceiving  Appa- 
ratus for  use  in  Wireless  Tele- 
graphy. 

Improvements  in  and  Eelating  to 
Apparatus  for  the  Transmission 
of  Electrical  Energy. 

Improvements  in  Eeceivers  for 
Wireless  Telegraphy. 
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L.  Cekebotani  and  10,858 

A.  SiLBERMANN.  May  11th. 

J.  T.  Abmstrong  and  12,372 

A.  Orling.  May  31st. 


J.  E.  BliANC. 

12,994 

V 

Sept.  19th. 

J.  A.  Fleming. 

13,726 

June  17th. 

J.  A.  Fleming. 

13,726a 

June  17th. 

Nikola  Tbsla. 

14,579 

July  17th. 

D.  W.  Troy. 

15,226 

July  11th. 

C.  R.  Underhill. 

16,978 

Aug.  3rd. 

W.  Harrison. 

17,483 

Aug.  27th. 

W.  Harrison. 

17,484 

Feb.  8th. 

J.  D.  White. 

17,562 

Aug.  12th. 

G.  C.  Dymond. 

18,098 

(Gesellschapt  fCr 

Aug.  20th. 

Drahtlose    Tele- 

graphie.) 

G.  G.  Dymond. 

18,538 

(Gesellschapt  fur 

Aug.  26th. 

Drahtlose    Tele- 

graphie.) 

M.  H.  Smith. 

20,129 

Sept.  19th. 

W.  P.  Thompson. 

20,804 

(Gesellschapt  fCr 

Sept.  27th. 

Drahtlose   Tele- 

graphie.) 

Marconi's  Wireless 

21,640 

Tel.    Co.   and    E. 

Oct.  8th. 

Berry  &  H.  Ewen. 

Marconi's  Wireless 

21,641 

Tel.  Co.  and 

Oct.  8th. 

E.  Berry  and 

H.  Ewen. 

Improvements  m  Eeceiving  Appa- 
ratus for  Wireless  Telegraphy. 

Improvements  in  and  relating  to 
Apparatus  for  transmitting  and 
receiving  Telegraphic  Signals 
and  the  like. 

Improvements  in  Signalling  Ap- 
paratus for  preventing  Col- 
lisions at  Sea. 

Improvements  in  Apparatus  Em- 
ployed in  Measuring  Wave 
Lengths  in  Wireless  Telegraphy. 

Improvements  in  Apparatus 
Suitable  for  Detecting  Electri- 
cal Oscillations. 

Improvements  in  and  relating  to 
the  Transmission  of  Electrical 
Energy, 

Improvements  in  the  Method  of 
selecting  Electrical  Impulses. 

Means  for  receiving  or  trans- 
lating Electric  Wireless  or  like 
Impulses. 

A  Eeceiving  System  for  Wireless 
Communication. 

A  Receiving  System  for  Wireless 
Communications. 

Improvements  in  Printing  Tele- 
graphs. 

Improvements  in  and  connected 
with  Wireless  Telegraphy  and 
Apparatus  for  carrying  out  the 
same. 

Improvements  in  Wireless  Elec- 
tric Signalling  Systems. 


Improvements  in  Mechanism  for 
use  in  conjunction  with  Appa- 
ratus for  utilizing  Electro- 
magnetic or  Hertzian  Waves. 

Improvements  in  and  connected 
with  Wireless  Telegraphy 
Systems. 

Improvements  in  Apparatus  for 
Wireless  Telegraphy. 

Improvements  in  Safety  Devices 
in  connection  with  Badio  Tele- 
graphic Transmission  Circuits. 
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E.  A.  Fessenden. 
R.  A.  Fessenden. 


G.  Eugene  Gaiffee. 


28.290  Improvements    in    Wave     Tele- 
Dec.  23rd.         graphy. 

28.291  Improvements   in  Receivers  for 
April  9th.         Electromagnetic  Waves. 

28,580       Improvements   in  or  connected 
Dec.  29th.        with  Transformers  employed  in 
High  Frequency  Current  Cir- 
cuits. 


1904. 


F.  J.  GllEEN. 

2285 

Jan.  29th. 

P.  C.  Hewitt. 

2496 

Feb.  9th. 

Bela  Gati. 

2734 

Feb.  3rd. 

E.  Ducretet. 

3244 

Feb.  2nd. 

F.  0.  Y.  Marquez. 

3694 

Feb.  16th. 

G.  Marconi. 

4869 

Oct.  13th. 

W.  P.  Thompson. 

5104 

(Gesellschaft  fur 

Mar.  1st. 

Drahtlose   Tele- 

QHAVHIK  ) 

W.  P.  THOisirsoN. 

5105 

(GESKLLSCHArTFLlt 

Drahtlose    Tele- 

Mar.  Ut. 

gbatiiieO 

Marconi's  Wireless 

5113 

Tel.  Go.  imd 

Mtir.  1st. 

Andrkw  Gray. 

J,  T,  ABMBTitoMQ  and 

7044 

Axel  Oulino. 

Mar.  aaid. 

6.  MoLLKU, 

7977 

^ 

May  2ud. 

^^^um. 

8321 

April  lllh. 

■% 

9408 

% 

April  25tb. 

IIb 

10,708 

K^fL^ 

May  aaud. 

1 

w  _ 

Apparatus  for  Polarization  of 
Hertzian  Waves. 

Apparatus  for  producing  Oscil- 
latory Electric  Currents. 

Improvements  in  Electric  Tele- 
graphy. 

Induction  Transformer  for  Wire- 
less Telegraphy  Keceiving 
Stations. 

Improvements  in  and  connected 
with  Coherers  for  Wireless 
Telegraphy. 

Improvements  in  Wireless  Tele- 
graphy. 

An  Improved  Method  of  In- 
creasing the  Discharge  Energy 
of  Electrical  Vibration  Systems. 

An  Improved  Method  of  Keceiving 
Electrical  Vibrations  utilizing 
Electrolytic  Cells. 

Improvements  in  Transmitters 
suitable  for  Wireless  Tele- 
graphy. 

Improvements  in  and  relating  to 
Electro-capillary  Apparatus. 

Improvements  in  Receiving  De- 
vices for  use  in  Wireless  Tele- 
graphy. 

Improvements  in  Receiving  Appa- 
ratus for  use  in  Wireless  Tele- 
graphy. 

Improvements  in  and  Relating  to 
Apparatus  for  the  Transmission 
of  Electrical  Energy. 

Improvements  in  Receivers  for 
Wireless  Telegraphy. 
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J.  A.  Fleming. 

E.  Weintraub. 

G.  ElCHHORN. 

J.  S.  Stone. 
J.  S.  Stone. 

J.  S.  Stone. 
J.  S.  Stone. 

J.  S.  Stone. 
J.  S.  Stone. 
J.  S.  Stone. 
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27,683 
Dec.  19th. 


27,887 
Dec.  2l8t. 

28,166 
Dec.  20th. 

28,826 
Feb.  13th. 

28,827 
Feb.  16th. 

29,142 
Feb.  23rd. 

29,143 
Feb.  23rd. 

29,144 
April  11th. 

29,145 
April  11th. 

29,146 
Mav  3rd. 


Improvements  in  Instruments 
for  the  Measurement  of  Wave 
Lengths  in  Wireless  Tele- 
graphy. 

Improvements  in  Vapour  Electric 
Apparatus  for  Wireless  Signal- 
ling and  other  Purposes. 

System  of  Connections  for  the 
Generation  of  Electric  Oscil- 
lations. 

Improvements  in  or  connected 
with  Space  Telegraphy. 

Improvements  in  or  connected 
with  Bolometers  and  Space 
Telegraphy. 

Improvements  in  Space  Tele- 
graphy. 

Improvements  in  or  connected 
with  Space  Telegraphic  Ee- 
ceiving  Systems. 

Improvements  in  Space  Tele- 
graph Systems. 

Improvements  in  Space  Tele- 
graphy. 

A  New  or  Improved  Support  for 
Aerial  Conductors  used  in  Space 
Telegraphy. 


1905. 


H.  Heinicke. 

700 

Jan.  13th. 

H.  Heinicke. 

700a 

Jan.  13tb. 

A.  Artom. 

3594 

Feb.  2l8t. 

W.  P.  Thompson. 

5455 

(Gesellschaft  fCr 

Mar.  16th 

Drahtlose    Tele- 

GRAPHIE.) 

W.  p.  Thompson. 

5456 

(Gesellschaft  fCr 

Mar.  15th 

Drahtlose    Tele- 

QRAPHIE.) 

D.  W.  Troy. 

7010 

. 

April  8th. 

Improvements  in  and  relating  to 

Electric  Transformera. 
Improvements  in  Apparatus  for 

use  in  Wireless  Telegraphy. 
Improvements  in  and  relating  to 

the  Transmission  of  Electrical 

Energy  through  Space  for  the 

Purpose  of  Wireless  Telegraphy 

and  the  like. 
Improvements  in  Spark  Gaps  for 

Electric  Discharges. 


Improvements  in  Detectors  for 
Electric-magnetic  Waves  or 
other  Weak  Electric  Impulses. 

Improvements  in  and  relating  to 
Methods  of  receiving  and 
indicating  Electrical  Impulses. 
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C.  HClsmeteb. 

H.  Shoemaker. 
H.  Shoemakeb. 
H.  Shoemaker. 
G.  Magini. 

J.  G.  SCHAFER. 

W.  P.  Thompson. 
(Gbsbllbchaft  fCr 
Drahtlose    Tele- 
obaphie.) 

W.  P.  THOBiPSON. 

(Gesellsghaft  fob 
Dbahtlose   Tele- 

GBAPHIE.) 

W.  p.  Thompson. 
(Gesellschaft  pCb 
Drahtlose    Tele- 

ORAPHIE.) 

J.  6.  MiNOGOiA  and 

L.  E.  Mere. 
S.  D.  Field. 

W.  J.  Hancock. 

B.  A.  Fesbenden. 


R.  A.  Fesbenden. 
B.  A.  Fesbenden. 


W.  P.  Thompson. 
(Gesellschaft  fOr 
Drahtlose    Tele- 

ORAPHIE.) 

F.  Schneider. 
W,  Harrison. 


8511  Improved  Means  for  "  Tuning  " 

April  20th.  Hertzian-wave     Beceivers    to 
Particular  Transmitters. 

8890  Improved  Detector  for  use  in  Wire- 
April  27th.  less  Telegraph  System. 

8890a  Improvements  in  Wireless  Tele- 
April  27th.  graph  Transmitting  Apparatus. 

8890b  Improvements  in  Wireless  Tele- 
April  27th.  graph  Beceiving  Apparatus. 

9219  Improvements  in  Coherers. 
May  8th. 

10,097  Improvements  in   Beceivers  for 

May  18th.  Electric  Waves. 

10,708  Imroovements  in  Beceivers   for 

May  22nd  Wireless  Telegraphy, 


10.709  Improvements  in  Beceiver  Con- 
May  22nd        nections    for    Wireless    Tele- 
graphy. 

10.710  Improvements    in    Transmitters 
May  22nd.       for  Wireless  Telegraphy. 


12,284  Improvements  in  and  relating  to 
June  13th.        Electric  Tremblers. 

12,914  Improvements  in  Telegraphic 
June  22nd.       Beceiving  Apparatus. 

13,327  Improvements  in  Besponders  for 
June  28th.        Wireless  Telegraphy. 

13.677  Improvements  in  or  in  connection 
July  3rd.         with  Electric  Condensers  par- 
ticularly for    use   in  Wireless 
Telegraphy. 

13.678  Improvements  in   Signalling  by 
July  3rd.         Electromagnetic  Waves. 

13.679  Improvements  in  Aerials  for  the 
July  3rd.         Transmission    and  Beceipt  of 

Electromagnetic  Wave  Energy. 
14,221       Improvements  in  Means  for  pro- 
July  10th.        ducing  Current  or  Badiations 
for  a   Transportable   Wireless 
Transmitter  Station. 
17,079       Improvements  in  and  relating  to 
Aug.  23rd.        Beceivers  for  Electric  Waves. 

17,223  Improved  Beceiver  System  for 
Aug.  26th.        Wireless  Signalling. 
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Abbahav,  Theory  of  the  Bod-8haped 
Oscillator  by,  849 

Aooordion  Inductance  Coils  (Fleming), 
109 

Aerial  Wire,  SX70 

Aerial  Wires,  The  construction  and 
support  of,  547 

^ther,  The,  288 

Air,  Gray's  Measurements  of  the  Dielec- 
tric strength  of,  118 

Air,  Lord  Kelvin's  Measurements  of 
the  Dielectric  strength  of,  118 

Air,  Ck>mpari8on  between  real  and  ap- 
parent Dielectric  strength  of,  116 

Alphabet,  The  Morse,  545 

Alternating  Current,  Definition  of  an,  1 

Alternating  Current  Disc  galvanometer 
(Fleming),  150,  598 

Alternating  Current,  Frequency  of  an,  1 

Alternating  Current,  Graphic  Represen- 
tation of  an,  2 

Alternating  Current,  Instantaneous 
Value  of  an,  1 

Alternating  Currents,  Representation 
by  Complex  Quantities  of,  206 

Alternating  Current  Transformers  for 
creating  Electrical  Oscillations,  40 

Alternating  Current  Transformers, 
Plant  for  Producing  Electrical  Os- 
cillations by,  70 

Alternator  and  Transformer  Plant  for 
the  Production  of  Electric  Oscilla- 
tions, 44,  45 

Alternator  and  Transformer  Plant  for 
Production  of  Powerful  Electric 
Waves  (Fleming),  502,  504 

Alternators,  List  of  High  Frequency,  12 

Aluminium  wire  for  antennte,  Advan- 
tages of,  547 

Ammeters  for  High  Frequency  Cur- 
rents, 142 

Anders  Bull,  Apparatus  for  Independent 
Selective  Wireless  Telegraphy  by,  580 

Anderson-Fleming  Bridge  for  the 
Measurement  of  Inductances,  102 

Anderson  Formula  for  Bridge  Method 
of  Measuring  Inductance,  108 

Anderson  Method  of  Measuring  In- 
ductance, 102 

Antenna  for  wireless  telegraphy,  270 


I  Antenna  at  University  College,  Measure- 
I       ments  made  with  the,  561 

Antenna  Current,  Variation  with  dis- 
I      tance  between  Stations  of  the,  604 

Antenna,  Theory  of  Direct  Coupled,  571 
I  Antenna,  Distribution  of  Potential  and 
Current  in  simple,  562 
Antenna,  Electric  Moment  of  an,  194 
Antenna,  Energy  storage  in,  555 
Antenna,  Equivalent  Capacity  of,  558 
1  Antenna,   Equivalent    Inductance    of, 

558 
>  Antenna  insulator,  548 
I  Antenna,    Mode    of   determining   the 

Capacity  experimentally  of  an,  554 
I  Antenna,  Mode  of  supporting  by  Masts 
or  Towers,  548 
Antenna,  Mode  of  supporting  on  ships, 

548 
Antenna,  Oscillation  Constant  of  an,  557 
'  Antenna  position.  Effect  on  Wave  pro- 
duction of,  595 
I  Antenna,  Relation  between  Height  and 
Maximum    Signalling   Distance  of, 
601 
Antenna,  Relation  between  Length  and 
I       Radiated  Wave  Length  of,  560 

Antenna,  the  Damping  of  oscillations 
I       in,  578 
Antenna,  Construction  and  support  of, 

547 
Antenna,  Capacity  of  T-shaped,  558 
'  Antenna,  Umbrella,  551 
Antenna,  Various  modes  of  Connecting 
to  Earth,  597 
!  AntennsB,  Capacity  of  various  forms  of, 
'       558 
AntennsB  for  Direction  Telegraphy,  625 
Antenna  of  Looped  Form,  276 
AntennsB  used  for  Wireless  Telegrap 
Production  of  Fundamental  and  T 
monic  Oscillations  in,  271 
Antennffi,  Various  forms  used  in  Electric 
Wave  Telegraphy,  549 
'  Apparatus    for   Electric   Wave    Tele- 
graphy, Various  elements  of  the,  547 
Apparatus    for    Illustrating    Electric 
Resonance,  204,  205 
I    Apparatus  for  the  Production  of  Damped 
Trains  of  Electrical  Oscillations,  27 
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INDEX 


Apparatus,  General  Arrangement  of,  for 
Producing  Oscillations  by  means  of 
Condenser  Discharges,  69 

Appliances  for  detecting  Electric  Waves, 
858 

Apps'  Hammer  Brake  for  the  Induction 
Coil,  46 

Arco  Syntonizer,  485 

Amo,  Experiments  of,  on  Dielectric 
Hysteresis,  189 

Artom,  Use  of  elliptically  polarized 
Beam  of  Electric  nidiation  for  Wire- 
less Telegraphy  by,  540 

Atlantic  Liners  receive  Harconigrams 
from  both  sides  of  the  Atlantic,  462, 
463 

Atmospheric  Electricity,  Effect  of,  on 
Signalling  Distance,  610 

Atmospheric  Ionization,  Effect  of,  on 
Electric  Wave  Telegraphy,  617 

Attenuation  Factor,  241 

Author,  Contributions  to  Wireless  Tele- 
graphy of  the,  501 


Bolometer,  The,  149 

Bonomo,  Investigations  on  Marconi's 

Law  bv  Captain,  601 
Boys,  Photographs  of  an   Oscillatory 

Spark  by,  22 
Branly,    Invention    of    the    Metallic 

Filings  Tube  or  Cymoscope  by,  857 
Branly  Tripod  Coherer,  866 
Braun,  Apparatus  for  Wireless  Tele- 


graphy of,  498  _ 
(raun  Cai" 


Baillb  and  Paschen,  Measurement  of 

Spark  Voltages  by,  155 
Barretter   or   Thermal   Cymoscope  of   I 

Fessenden,  896 
Barton,  Formula  for  High  Frequency    i 

Inductance  by,  96 
Barton,  Formula  for  High  Frequency    I 

Besistance  by,  90 
Berlin  Conference  on  Wireless  Tele-    I 

Kraphy,  452 
Bibliography,  Appendix  II. 
Bichat  and  Blondlot,  Measurement  of 

Spark  Voltages  by,  155  i 

Bjerknes,  Expression  for  the  sum  of 

.the    Decrements     in     two    coupled    ' 

Oscillation  Circuits  by,  280  i 

Bjerknes,  Measurements  of  Logarith-    ' 

mic  Decrement  of  Hertzian  Oscil-    ' 

lator    for    Various    Spark    Lengths 

given  by,  192  ' 

Bjerknes,  Method  of  Determining  Lo- 
garithmic Decrement  by,  178 
Bjerknes,  Observations  on  Damping  of   ' 

Electrical  Oscillations  by,  192  i 

Bjerknes,  Observations  on   Besistance 

Decrements  by,  190  i 

Bjerknes,  Theory  of  Electrical  Beson- 

ance  by,  224  i 

Bjerknes,  Theory  of  Oscillation  Trans-   ' 

former  by,  224  , 

Blondel  Coherer,  867  ' 

Blondel,  Method  of  Conducting  Syn-    | 

tonic  Telegraphy  suggested  by,  528, 

529  I 

Blondlot  on  the  Variation  of  Dielectric 

Constant  of  Glass  with  Frequency,  188    I 
Blondlot  Oscillator,  269  j 

Blondlot  Resonator,  808 
Bolometer  Bridge,  149 
Bolometer  Cymoscope,  898 


Braun  Cathode  Ray  Tube,  Use  of,  for 
objective  representation  of  Electrical 
Oscillations,  287 

Braun,  Improvements  in  Wireless  Tele- 
graphy by,  489 

Braun-Siemens  Apparatus  for  Wireless 
Telegraphy,  495,  496,  497 

Braun,  Method  of  Exciting  Electric 
'  Oscillations  in  Antenna  suggested  bv, 
489,492 

Brooks,  Miss,  Measurements  of  Loga- 
rithmic Decrement  by,  172 

Brooks,  Miss,  Measurement  of  Spark 
Resistance  by,  179 

Brown  and  Keilson,  Carbon  Coherer 
employed  with  Telephone  by,  868 


Calculation  of  Number  of  Oscillations 
in  a  Train,  167 

Calzecchi-Onesti,  Discovery  of  Effect  of 
High  Electromotive  force  on  Conduc- 
tivity of  Metallic  Powders  by,  856 

Campbell  Frequency  Indicator,  42 

Capacity,  Definition  of,  121 

Capacity,  Measurement  of  small,  121 

Capacity,  Measurement  of,  by  Cymo- 
meter, 409 

Capacity  of  Conductors,  Measurement 
of  the,  119 

Capacity  of  a  Disc,  129 

Capacity  of  an  Ellipsoid,  129 

Capacity  of  a  Sphere,  129 

Capacity  of  a  Suspended  Wire,  ISO 

Capacity  of  various  forms  of  Antonnse, 
558 

Capacity  of  Wires  affected  by  their 
distance,  552 

Capacity  of  Condensers,  Variation  of, 
with  electromotive  force,  181 

Cape  Breton,  Marconi  Electric  Wave 
Power  Station  at,  650 

Captance,  Definition  of,  201 

Carbon  coherer.  Use  of,  by  Brown  and 
Neilson,  465 

Carlo  AlberiOy  Arrangement  of  Antennae 
on  the,  458,  459 

Carlo  Alberto,  Marconi's  voyages  in  the, 
456 

Castelli  Mercurv-Iron  Coherer,  869 

Chant,  Researches  on  Distribution  of 
Potential  in  Various  Forms  of  An- 
tennaB,  564 

Close  Coupling  of  Oscillation  Circuits, 
212 
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Closed  Oscillation  Cironit,  189 

Coefficient  of  Coupling,  Measurement 
of,  by  the  Cymometer,  411 

Coefficient  of  Coupling  of  two  circuits, 
Definition  of  the,  105 

Coherer,  The,  855 

Coherer  Action,  Theories  of,  878 

Coherer,  Blondel,  867 

Coherer,  Branly,  857 

Coherer,  Castelli,  369 

Coherer,  Early  Observations  on  the 
Coherer  Effect,  856 

Coherer,  Electronic  Theory  of,  878 

Coherer,  Fleming,  872 

Coherer,  Italian  Navy,  870 

Coherer,  Jervis-Smith,  868 

Coherer,  Lodge,  859 

Coherer,  Marconi,  860 

Coherer,  Popoff,  861 

Coherer,  Solari,  870 

Coherer,  Tommasina,  869 

Coherers,  Method  of  Restoring,  to  Sen- 
sitive Condition,  871 

Compan,  Measurement  of  Dielectric 
Constant  of  Glass  by,  184 

Complex  Quantities,  206 

Complex  Quantities,  Use  of,  for  Repre- 
senting Alternating  Currents,  206 

Comprei^ed  Gases,  Use  of,  as  dielectric 
for  High  Tension  Condensers,  68 

Concentric  Cylinders,  Capacity  of,  129 

Condenser  and  Transformer  Plant  for 
Production  of  Electrical  Oscillations, 
45 

Condenser,  Cone,  Capacity  of,  128 

Condenser  charged  through  Resistance, 
Theory  of,  88 

Condenser,  Dead  Beat  disch&rge  of,  17 

Condenser  Discharge,  14 

Condenser  Discharge,  Production  of 
Oscillations  by  a,  16 

Condenser  Discharge,  Theory  of  the, 
16 

Condenser  formed  of  Concentric  Cylin- 
ders, Capacity  of,  128 

Condenser  for  Primary  Circuit  of  In- 
duction Coil,  86 

Condenser  in  Primary  Circuit  of  an  In- 
duction Coil,  Mode  of  connecting 
the,  89 

Condenser,  Oscillatory  Discharge  of  a,  17 

Condenser,  Parallel  Plate,  Capacity  of 
a,  125 

Condensers,  Arrangement  of,  in  Wire- 
less Telegraph  Transmitters,  618 

Condensers,  Expression  for  Capacity  of 
Plate,  62 

Condensers  for  the  Production  of  Elec- 
trical Oscillations,  58 

Condensers,  Glass  Plate,  Construction 

of,  60 
Condensers,  High  Tension,  Construc- 
tion of,  60 
Condensers  made  with  compressed  air. 


Condensers,  Mode  of  Charging  in  Series 
I       and  Discharging  in  Parallel,  620 
Conditions  for  Resonance  in  a  Circuit 
having  Capacity  and  Inductance,  202 
j  Cone  Condenser,  Capacity  of,  128 

Connections  of  Circuits  of  Induction 
,       Coils,  89 

Contact  Cymoscope,  854 
I  Contact  Cymoscope  or  Coherer,  855 

Continuous   and    Intermittent    Wave 
I       Trains,  Ratio  of  Power  required  to 
produce,  590 
Cooper-Hewitt  Mercury  Interrupter,  81, 
I       82 

I  Coupled  Oscillation  Circuits,  Damping 
in,  217 
Coupled   Oscillation  Circuits,  Theory 
:       of,  209 

Coupled  Pendulums,  201 
'  Coupling  Coefficient   of  two  circuits. 
Definition  of,  105 
Coupling  Coefficient,  Measurement  of, 
i       by  Bridge  Method,  105 
Croft,  Repetition  of  Branly*s  Experi- 
ments bv,  858 
Crookes,  Sir  William,  Forecast  concern- 
ing Wireless  Telegraphy  by,  421 
Curie,  Measurement  of  Dielectric  Con- 
stant of  Glass  by,  134 
Curl  of  a  Vector,  Definition  of  the, 

288 
Current  in  Antenna  Inductively  Cou- 
pled, Formula  for,  583 
Curves  representing  Dead  Beat  and  Os- 
cillatory Discharge  of  a  Condenser, 
20,  21 
I   Curves  showing  relation  of  Height  of 
Antenna  and  Signalling  Distance,  602 
Curves  showing  variation  of  spark  volt- 
I       age  with  spark  length,  152, 154 
I  Cymometer,  Direct  Reading,  Fleming, 
I       406 

^  Cymometer,  Employment  of,  to  mea- 
j       sure  Capacity  and  Inductance,  409 
'  Cymometer  Helix,  Fleming,  405 
I  Cymometer,  Measurement  of  Induct- 
ance by  the,  106 
I  Cymometers,  404 

I   Cymoscope,  Electrolytic,  De  Forest,  889 
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Wireless  Telegraphy,  401 

Oscillation  Valve,  Fleming,  Use  of,  for 
rectifying  Electrical  Oscillations,  400 

Oscillations^  damped,  161 
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